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C h a p t e r  1  
I n t r o d u c t i o n 1
1.1 Background
Over the last th irty  years, lasers have revolutionized modern spectroscopy. The narrow 
bandwidth, high intensity and tunability of continuous or pulsed ultraviolet (UV) and 
visible (VIS) lasers brought us a m ultitude of different schemes to interrogate gas phase 
molecules. Examples are Laser Induced Fluorescence (LIF)[1] and Resonance Enhanced 
M ultiphoton Ionization (REMPI)[2]. Using these two techniques, information about ex­
cited electronic or ionic states and their vibrational structure is obtained. LIF and REM PI 
detection can also be used in double (or more) resonance experiments. When one of the 
photons is in the infrared (IR), spectral information on IR active modes on the electronic 
ground state surface of neutral molecules [3-12] can be obtained. Advances in laser tech­
nology now allow performing such experiments at wavelengths up to and beyond 10 ^m, 
although laser fluences decrease rapidly with increasing wavelength.
When high power and fluence in the IR is desired and tunability is not much of an 
issue, the laser of choice is the CO2 laser. Laser lines are available around 10 ^m, cw 
powers can be in excess of 100 W att and in pulsed mode, several Joules in nanosecond 
pulses can be obtained. Such lasers have been used intensely in the 70’s to perform IR- 
multiphoton excitation (IR-MPE) and dissociation (IR-MPD) experiments on gas phase 
molecules[13]. Experiments served fundamental science to investigate reaction kinetics and 
dynamics. IR-MPD was also tried as a tool for isotope separation[13]. In those studies, 
SF6 was often used as a model system, as it has resonances around 10 ^m. Recent ex­
periments show isotopical enrichment for silicon after IR-MPD on SiH4[14]. However, for 
macroscopic amounts of sample, IR laser isotope separation never saw the light of day.
The mechanisms of IR-M PE and IR-MPD were also theoretically investigated[13,15,16]. 
Models assume th a t the first few IR photons are absorbed resonantly by bright states. 
When the internal energy of the molecule increases, the density of vibrational states rises
1 Adapted from: G. von Helden, D. van Heijnsbergen, and G . M eijer, J. Phys. Chem. A  107, 1671 
(2003).
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dramatically. The bright states couple to the abundant dark states, resulting in a short­
ening of the lifetime of the bright state and dram atic increase in linewidth of the tran ­
sition. The photons are then absorbed efficiently and non-resonantly in a vibrational 
quasi-continuum. This process can then be described by statistical methods. Most of 
those models are however developed for small to medium sized molecules and it is not a 
priory clear in how far they are transferable to the comparatively large systems studied 
here. Mostly, IR-M PE leads to dissociation. There is however also an early[16] and a more 
recent[17] report where CO2 laser IR excitation leads to the ionization of molecules. It is 
clear th a t the advantage of such a scheme is the potential for sensitive and mass selective 
detection.
Hot molecules have several possible pathways to cool themselves. Most molecules in 
low-pressure gas phase environments will cool via the emission of photons and via disso­
ciation. For bulk materials, the macroscopic equivalents to those molecular processes are 
light emission and evaporation of atoms or molecules. Many strongly bound solids like 
for example metals have yet another cooling channel available: the thermionic emission 
of electrons. This process is being heavily used in technical applications, where electron- 
emitting filaments are used, for example in radio tubes. The microscopic equivalent of 
this process is of considerable theoretical and experimental interest as thermionic electron 
emission requires a coupling between the nuclear motion (vibrational energy) and the elec­
tronic degrees of freedom. One of the first observations of thermionic emission occurred 
only at the beginning of the last decade with the observation th a t gas phase fullerenes, 
which were heated by UV or VIS laser pulses, showed a delayed electron emission[18,19]. 
These results were interpreted in terms of thermionic emission where the initially excited 
electronic states rapidly decay to vibrationally excited states on the electronic ground state 
surface. A coupling of electronic states in those hot molecules then presumably leads to 
ionization. Many experimental and theoretical studies[20] exist on the thermionic electron 
emission in fullerenes. However, the question if electron emission occurs from molecules 
with a statistical internal state distribution is still not settled[20].
Essentially all organic molecules will fragment when being heated. The reason is tha t 
usually the lowest energy fragmentation channel (frequently the loss of H2) is lower than  the 
ionization potential. Of course, this argument is not rigorous as one needs to consider the 
relative rate constants of those processes which will certainly differ in their pre-exponential 
factors. A class of gas phase species th a t is known to undergo delayed (thermionic?) elec­
tron emission after UV or visible laser excitation are strongly bound gas phase clusters. 
Examples include metal and metal-carbide clusters [21-24], which combine a high stability 
(binding energy) with relatively low ionization potentials.
Direct vibrational excitation by absorption of IR laser photons is possible when the 
vibrational mode is infrared active. The IR intensity of a mode is given by the absolute 
square of the transition moment integral
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M = 0 /  l  0i dr = 0 / (Q) l(Q )  0i(Q ) dQ ( 1 .1 )
in which 0 /  and 0 i are final and initial vibrational wavefunctions within the same 
electronic state, l  is the dipole moment function, and the integral is over all normal mode 
coordinates (dQ\dQ2 ••• dQ3N-6). By expressing the dipole moment as a Taylor series 
expansion and applying symmetry rules, it is derived th a t the intensity of the j th  normal 
mode vibration is [25]
oc
d l
dQj
( 1 .2)
where it should be noted th a t harmonic oscillator wavefunctions are used and tha t 
the Taylor expansion is truncated after the first order. So to a first order approximation, 
the intensity of an infrared transition is proportional to the square of the dipole moment 
derivative of this normal mode.
2
We recently showed th a t gas phase molecules and clusters can be efficiently excited 
using radiation from the infrared free electron laser FELIX[26-36]. When it is resonant 
with an IR active vibrational mode of the molecule or cluster, the absorption of very many 
photons can take place. In fact, calculations indicate th a t more than 600 photons can 
for example be absorbed by a single C60 molecule. The internal energy of the cluster can 
thus rise to levels high enough to enable the thermionic emission of electrons. Monitoring 
the mass selected ion current as a function of IR frequency will thus give an IR spectrum 
of the species of interest. We will refer to this spectrum as the IR Resonance Enhanced 
M ultiphoton Ionization spectrum, or short the IR-REM PI spectrum. Such a spectrum 
is clearly not identical to the linear absorption spectrum of the species, which, for many 
species investigated, is unknown. The IR-REM PI spectrum does in principle contain all 
the information on the linear absorption spectrum, however, and is often in appearance 
quite similar to it, as will be shown in this introduction.
The introduction is organized as follows. First, introductions to the experimental tech­
niques are given. Then, IR-REM PI experiments on fullerenes are presented. These results 
are then interpreted using theoretical models.
1.2 E xperim ental
1.2.1 The Free E lectron Laser
An essential ingredient in the experiments is the ”Free Electron Laser for Infrared experi­
ments” , FELIX[37,38]. In most lasers, a gas, liquid or solid compromises the active (gain) 
medium and limits the wavelength range due to absorption. In a free-electron laser (FEL), 
however, unbound, free electrons moving at relativistic speeds through a magnetic field
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structure serve as the gain medium. In principle, such lasers can produce photons of any 
wavelength. Many excellent books and reviews on (the physics of) FELs can be found[39].
A generic layout of a typical FEL is shown in Fig. 1.1. A relativistic beam of electrons, 
coming from an accelerator, is injected into an assembly of alternating permanent magnets, 
an undulator, which is inside an optical resonator, consisting of two high-reflectivity mir­
rors at either side. The magnetic field in the undulator is perpendicular to the direction 
of the electron beam and periodically changes polarity a (large) number of times along 
its length. This causes a periodic deflection, a ‘wiggling’ motion, of the electrons while 
traversing the undulator. This transverse motion is quite analogous to the oscillatory mo­
tion of electrons in a stationary dipole antenna and hence will result in the emission of 
radiation with a frequency equal to the oscillation frequency. This oscillation frequency is 
given by the ratio of the velocity of the electrons to the length of one period of the path 
traveled by the electrons. The latter is longer than  the period Xu of the magnetic field of 
the undulator by a factor (1 +  K2) due to the transverse motion of the electrons induced by 
the magnetic field; the dimensionless factor K is a measure of the strength of the magnetic 
field experienced by the electrons in the undulator. More precisely, the overall motion of 
the electrons in the undulator resembles the motion of oscillating electrons in a dipole an­
tenna th a t moves with a velocity close to the speed of light. This high velocity results in a 
strong Doppler-shift, and the wavelength of the radiation emitted in the forward direction 
as experienced in the laboratory frame is reduced by a factor 7 2 relative to the length of 
the period of the path through the undulator as traversed by the electron.
As a consequence of this Doppler effect, the energy of the radiation em itted by the rela- 
tivistic particles is concentrated in a narrow cone around the forward direction, sometimes 
referred to as the ‘head-light’ effect. W ith the accelerators presently used for FELIX, the 
Lorentz factor 7 , a measure for the to tal electron energy in units of its rest mass energy, 
can be varied over the range from 20 to 100. Given the 65 mm period of the undulator 
this brings the radiation wavelength in the IR range. This radiation, referred to as spon­
taneous emission, is usually very weak though. This is a consequence of the fact th a t the 
electrons are typically spread out over an interval th a t is much larger than  the radiation 
wavelength and will therefore not emit coherently. But on successive round trips in the 
resonator, this weak radiation can be amplified by fresh electrons, until saturation sets in 
at a power level tha t is typically 107- 108 times higher than th a t of the spontaneous emis­
sion. It is evident th a t the time structure of the light in such a FEL closely mimics the 
time structure of the electron beam. In FELs th a t use (room-temperature) rf-accelerator 
technology the light output consists of a microsecond duration ‘macro-pulse’, composed of 
a train  of equidistant pico-second duration ‘micro-pulses’, typically spaced by 1-100  nano­
seconds. The macro-pulse repetition frequency is up to several tens of Hz. In FELs tha t 
use either superconducting rf-accelerators or electrostatic acceleration, continuous trains 
of pico-second duration micro-pulses or quasi-cw light pulses can be produced, respectively.
For experiments on gas phase molecular systems, two key requirements for the FEL
4
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22 m
5 - 30 |xm
injector Linac 1 Linac 2 /
[= 1 -1 ------- h -Q -H  l--HS>
15-25 MeV 25-45 MeV
FEL-1 
 ^ 16 - 250 |xm
6 m
Pulse-structure:
Figure 1.1: The top part shows a generic layout of a free electron laser. Electrons are 
emitted from a gun, accelerated in an accelerator and injected into an undulator. The 
electrons are then dumped. Light is build up in a resonator and a fraction of this is 
coupled out. In the middle, a scheme of FELIX is shown. The electron beam can either 
be steered into FEL-1, which is used for the long wavelength range, or the beam can be 
further accelerated and injected into the short wavelength FEL-2. At the bottom, the pulse 
structure of the light is shown schematically.
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are a) tunability and b) high fluence on the microsecond timescale. The wavelength of the 
light is determined by the electron beam energy and the periodicity and strength of the 
magnetic field in the undulator. Any of those param eters can thus be varied to set the 
laser to the desired wavelength. The undulator period is usually fixed and in most FELs, 
the wavelength is set by adjusting the beam energy and/or the undulator field strength. 
Adjusting the beam energy requires the readjustm ent of large parts of the electron beam 
optics and can be a time consuming task. For spectroscopic experiments, where one would 
like to vary the wavelength rapidly, tuning is best done by adjusting the gap between the 
pairs of undulator magnets by means of a stepper motor. This method of tuning has the 
advantage th a t the electron beam param eters are not influenced and th a t a realignment of 
the electron beam through the accelerator and undulator is not needed.
The high fluence in a microsecond time-window is required because in most gas phase 
experiments, the molecules are not fixed in space but move with typical velocities of hun­
dreds of micrometers per microsecond. Having a collimated or focused IR beam with a 
diameter on the order of hundreds of micrometers to millimeters means th a t the interaction 
time between a molecule and the laser is on the order of microseconds. For experiments in 
which multiphoton excitations of neutral gas phase species is the objective, a high fluence 
per microsecond is thus im portant.
Presently, eight FEL-based IR-facilities are operational worldwide. As the characteris­
tics of these FELs differ considerably, so do the user programs conducted at these facilities. 
Due to its characteristics, FELIX is uniquely suited to do gas phase experiments. It is con­
tinuously tunable over the 5-250 im  range. At a given setting of the beam energy, however, 
the tuning range is limited to about a factor two to four in wavelength. In practice, tha t 
means that, at a given electron beam setting, for example the range from 5 to 20 im  can 
be continuously scanned within a few minutes. To cover the full tuning range of FELIX, 
consecutive overlapping scans, each with different settings of the electron beam energy, 
have to be made. The macropulse length is 5 i s  and the repetition rate 10 Hz. The 
micropulse length can be adjusted and ranges from 300 fs to several ps. The bandwidth is 
transform limited and can range from 0.5 % full width at half maximum (FWHM) of the 
central wavelength to several percent. The micropulse repetition rate can be selected to 
be either 25 MHz or 1 GHz, resulting in a micropulse spacing of 40 or 1 ns, respectively. 
This corresponds to 1 or 40 optical pulses circulating in the 6 m long cavity of FEL-1 or 
FEL-2 (see Fig. 1.1). W hen the experiments require, a single micropulse can be selected 
using optical switching techniques. In the 1 GHz mode, the output energy can be up to 
150 mJ/m acropulse.
Recently, it was shown th a t the range between 2 and 5 i m can be covered as well by 
optimizing FELIX to lase on the 3rd harmonic. This is accomplished by replacing the metal 
cavity mirrors by dielectric mirrors th a t have a high reflectivity in a narrow spectral region 
around the desired wavelength range. Lasing on the fundamental is thus suppressed and 
gain is present at three times the photon energy. Using this approach, up to 20 mJ in a 5
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Figure 1.2: A scheme of the fullerene setup. Fullerenes are evaporated from an oven and 
the effusive beam is crossed by the tightly focused FELIX beam. At some time after the 
FELIX pulse, the TOF plates are pulsed to high voltage and a mass spectrum is recorded. 
In some experiments, a reflectron TOF is used instead of the linear TOF th a t is shown.
i s  long macropulse is obtained at 3 im , for instance [40]. In all the experiments presented 
here, FELIX is only used on its fundamental frequency.
The IR light beam travels through an evacuated optical transport system and is deliv­
ered to the experimental setups. In the experiments described here, the distance between 
the outcoupling mirror and the experimental setup is about 25 m. The beam is steered 
through the transport system by means of gold-coated copper mirrors and is periodically 
refocused. The transport system is designed to create an image of the outcoupling mirror 
at the experimental user station and it is found th a t the beam pointing stability is very 
good. Typically, the IR beam is aligned before an experiment and the position of the beam 
in our experiment does not drift by more than a few percent of the beam diameter during 
a day.
The experiments discussed in this thesis have been carried out in two separate setups. 
One is optimized for infrared experiments on fullerenes, the other is designed for IR mea­
surements on metal-containing clusters.
1.2.2 The fullerene setup
The experimental apparatus consists of a turbo-pum ped vacuum system containing a com­
pact effusive molecular beam source and a Time-of-Flight (TOF) mass spectrometer, as 
schematically shown in Fig. 1.2. This apparatus is directly connected to the beam delivery
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system of FELIX, with only a KRS5 window separating the vacuum systems. An effusive 
molecular beam of fullerenes is generated by evaporation of fullerene powder from a quartz 
oven. A 2 mm hole in a stainless steel plate, placed 1 cm away from the oven, just in front 
of the extraction electrodes, serves to better define the molecular beam geometry.
The IR laser beam enters the apparatus slightly above the quartz oven and is focused 
by a spherical mirror with a 7.5 cm focal length in the center between the plates of the 
TOF mass spectrometer. A second mirror with a focal length of 3.75 cm is used as retro- 
reflector, effectively doubling the fluence in the focus. The focusing arm of the IR cavity 
makes an angle of 23 degrees with the axis of the molecular beam, thereby lengthening 
the interaction time of fullerenes with the focused IR beam compared to a perpendicular 
geometry. The beam waist varies from approximately 60 to 200 in scanning FELIX 
from 6 to 20 yielding maximum power densities of 4-1011 to 3-1010 W /cm 2 during a 
micropulse, respectively.
In the case of C60, the density in the interaction region is determined in a separate 
experiment by measuring the time-integrated flux of C60 deposited on a KBr substrate 
(placed in between the extraction electrodes) via FT IR  absorption spectroscopy. W ith an 
oven tem perature of 875 K the density of C60 in the interaction region is thus determined 
to be (8± 2)-109 molecules/cm3, in accordance with a crude estimate based on the vapor 
pressure of C60 at 875 K[41] and the experimental geometry.
The TOF set-up consists of three rectangular stainless steel electrodes th a t are placed
1.5 cm apart. The center of the plates consists of a circular grid pattern  of 2.5 cm diameter 
with an optical transmission of 85 % to allow ions to pass while keeping the electric fields 
homogeneous. Ions are detected on a double MCP detector at a distance of 45 cm from 
the last TOF electrode. The experimental geometry allows for the coupling in of an extra 
laser to perform double-resonance experiments. In the two-color experiments we use the 
(unfocused) quadrupled output from a Nd:YAG laser (266 nm; 50-70 ps pulse duration) 
to electronically excite the fullerenes prior to the IR excitation with FELIX. To record 
IR resonance enhanced multi photon ionization (IR-REMPI) spectra of C60, the TOF 
electrodes are pulsed to high voltage some 30 ^s after the FELIX pulse, and the total 
number of C+0 ions is recorded as a function of IR laser wavelength.
1.2.3 The cluster m achine
The clusters of interest are produced by pulsed laser vaporization from a solid metal rod in 
an expansion containing several percent reactant gas in a standard setup. A scheme of the 
setup is shown in Fig. 1.3. About 20-30 mJ of a frequency doubled Nd:YAG laser (Spectra 
Physics DCR 11) is focused on the metal surface. The metal rod can have a diameter of 6 
or 12 mm and is rotated and translated to regularly expose a fresh spot on the surface. Gas 
from a pulsed valve (R.M. Jordan Inc.) quenches the laser plasma, clustering and chemical 
reactions occur and the clusters and carrier gas expand into vacuum. When performing
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Figure 1.3: A scheme of the cluster setup. Clusters are produced in a standard laser 
vaporization/supersonic expansion setup. The beam passes a skimmer and charged clusters 
are deflected out using static electric fields. The neutral cluster beam is then crossed by 
the tightly focused FELIX beam. At some time after the FELIX pulse is over, the TOF 
plates are pulsed to high voltage and a mass spectrum is recorded in a reflectron TOF 
setup.
experiments on metal-carbides, 5 % CH4 (or 13CH4) is seeded in argon. For metal-oxides, 
1-5 % O2 in argon is used. Although clustering is more efficient using He as buffer gas, it is 
chosen to use Ar, as it produces slower beams and clusters thus have a longer interaction 
time with FELIX. The beam is skimmed and enters the region between the acceleration 
plates of a reflectron Time Of Flight (TOF) mass spectrometer (R.M. Jordan Inc.) 20 
cm downstream from the cluster source. Ions produced in the source plasma are blocked 
directly after the skimmer with an electric field (500-1000 V /cm ) perpendicular to the 
molecular beam.
The acceleration plates in the spectrometer can be pulsed to extract the generated 
ions. The timing between the cluster source, ionization laser and acceleration plates is 
independently adjusted with delay generators. The source conditions are first optimized 
to produce the desired species using ultraviolet laser ionization of the neutral species in 
the beam with a KrF or ArF excimer laser (Neweks Ltd.) at 248 or 193 nm, respectively. 
The optical arrangement for coupling in the IR beam is similar to the arrangement used 
in the fullerene experiments. The FELIX beam enters the chamber above the axis of the 
molecular beam and is focused on the cluster beam using a 7.5 cm focal length gold mir­
ror. The laser beam is focused back using a 3.75 cm focal length mirror thus effectively 
doubling the micropulse repetition rate and thus the fluence th a t clusters are exposed to. 
The particles in the molecular beam move with a typical velocity of 600 m /s. The IR laser 
beam focus is, depending on wavelength, between tens of microns to several hundreds of 
microns in size. The clusters will thus not be exposed to the entire FELIX macropulse but 
to approximately one microsecond of it.
9
1 Introduction
500.0 700.0 900.0 1100.0 1300.0 1500.0
Frequency [cm 1]
Figure 1.4: The top part shows the experimental IR-REMPI spectrum of gas phase C60. 
The inset shows a typical mass spectrum when FELIX is tuned to the vibrational resonance 
at 520 cm-1. The IR-REMPI spectrum can be compared to the linear absorption spectrum 
of a C60 film, shown in the lower part. Shown as dashed lines are the positions of the IR 
emission bands of gas phase C60 at 875 K.
Typically, the acceleration plates are pulsed to high voltage 3-5 ^s after the end of the 
FELIX pulse. TOF spectra are recorded on a digital storage oscilloscope and are trans­
ferred to a computer. The whole experiment, including the tuning of the FELIX radiation, 
is controlled by a set of LabView routines.
1.3 E xcitation  dynam ics
1.3.1 Infrared excitation  of gas phase fullerenes
E x c ita tio n  of C 60
Pure C60 (Hoechst, “Super Gold Grade” C60, purity > 99.9 %) is evaporated from the 
quartz oven kept at temperatures between 700 and 850 K. FELIX is focused on this effu­
sive beam with an optical arrangement as shown in Fig. 1.2. At some wavelengths in the 
range of 5 to 30 ^m, strong C+0 signals are observed.
At the FELIX power levels used in the experiment, signal from fragments, such as 
C+8 (loss of C2) is always very minor compared to the parent signal and never exceeds a
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few percent. Monitoring the amount of parent ions as a function of wavelength yields the 
IR-REMPI spectrum of the neutral parent. In Fig. 1.4, the IR-REMPI spectrum of gas 
phase C60 is shown. Clearly, several peaks can be recognized. Between the peaks, on the 
baseline, no ion signal is observed, not even at the maximum power levels of FELIX. The 
observation of ions after IR excitation is at first glance very surprising. C60 is known to 
undergo thermionic emission after heating using UV or visible lasers [18,19], but for this 
process to be efficient, however, its internal energy has to be substantially higher than its 
ionization potential. Calculations indicate that in order for thermionic emission to fall in 
the experimental microsecond time window, the internal energy of the molecule has to be 
well above 30 eV[42]. On the strongest resonance, near 520 cm-1, this implies that more 
than 500 photons need to be absorbed by a single gas phase molecule in a single macropulse 
of FELIX!
This IR-REMPI spectrum can be compared to the linear IR absorption spectrum of a 
thin film of solid C60 recorded at room temperature, shown in the lower trace of Fig. 1.4. 
This linear absorption spectrum shows the four well known IR active fundamental modes 
of C60, plus one IR active combination band at 1540 cm - 1  [43,44]. Clearly, all peaks in 
the IR-REMPI spectrum have their counterparts in the linear absorption spectrum. All 
peaks in the IR-REMPI spectrum are shifted to the red, compared to the linear absorption 
spectrum. A priory it is not clear if it is useful to compare the IR-REMPI spectrum to 
the linear absorption spectrum of solid C60. Due to molecular interactions in the solid, 
line positions could be shifted and selection rules could be not as strict, due to the formal 
reduction of symmetry. A better comparison might be with the IR emission spectrum of 
hot gas phase C60. Positions of the emission lines of C60 [45] at a temperature of 875 K 
are indicated as dashed lines in Fig. 1.4. Clearly, the positions of the emission lines are 
shifted to the red compared to the linear absorption spectrum of the solid and the peak 
positions in the IR-REMPI spectrum are even further shifted to the red. When comparing 
the relative peak intensities in the two different spectra, one difficulty is the normalization 
in the IR-REMPI spectrum since the IR laser fluence will change when scanning the laser. 
If the C60 ion signal would depend linearly on IR laser fluence, one could just divide the 
C+0 signal by the laser fluence to get a normalized spectrum. Since, however, the C60 ion 
signal depends highly nonlinearly on the IR fluence, such a normalization is problematic. 
In Fig. 1.4, we choose to present the raw data, without any normalization and it should 
be noted that while recording this spectrum, the FELIX fluence did vary less than a factor 
of two over the scan range shown. A comparison of the relative peak intensities in both 
spectra can thus only be qualitative. Largely, the relative intensities in the two spectra are 
similar. The two exceptions are the IR-REMPI peaks at 560 cm - 1  and 1527 cm- 1  where 
the relative intensity in the IR-REMPI spectrum is much smaller for the first peak and 
much larger for the second peak than expected from the linear absorption spectrum.
The position of the IR active mode in the molecule will shift to longer wavelengths 
with increasing internal excitation of the molecule, due to anharmonicities. For efficient 
excitation, the IR laser has to be resonant with the IR active mode all the way from the
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Figure 1.5: Shown is the IR-REMPI line around 520 cm-1 for the different isotopomers of 
C60. The spectra are recorded by monitoring the mass spectrum in the inset as a function 
of IR laser frequency. The most intense line is the one of 12C60 and the weakest is of
12^ 13/"<C57 C3.
initially relatively ”cold”molecules leaving the oven up to the very hot molecules that are 
about to thermally eject an electron. When the anharmonicity is too large, efficient ex­
citation cannot occur and a line appears weak or is not present at all in the IR-REMPI 
spectrum. In the experiment, there is a correlation between the relative intensity of a peak 
and its shift in the IR-REMPI spectrum, compared to either the linear absorption or the 
IR emission spectrum: the larger the relative shift of a peak, the lower is its intensity in 
the IR-REMPI spectrum. A detailed explanation will follow in the theoretical description 
of the excitation process.
When using a reflectron TOF instrument for mass analysis, the mass resolution is suffi­
cient to distinguish C60 ions that differ in isotopic composition and the IR-REMPI spectra 
of those different species can be measured. When carbon has its natural isotope distribu­
tion, many C60 molecules will contain one or more 13C atoms. With a natural abundance 
of 1.12 % for 13C, only 50.9 % of the C60 molecules contain 60 atoms 12C, 34.6% contain 
one atom 13C, 11.6% contain two 13C atoms and 2.5 % contain three 13C atoms. Four 13C 
atoms are contained in only 0.4 % of the C60 molecules and the mass peak at m/z =  724 
is too weak to be observable in our experiment. In the inset of Fig. 1.5, a high-resolution 
mass spectrum of C+0 is shown when exciting at 520 cm-1. The corresponding IR-REMPI 
peaks of the different isotopomers are shown in the figure. The strongest peak corresponds 
to 12C60 and the weakest IR-REMPI peak to 12C5713C3. In Fig. 1.6, the resonances for
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Figure 1.6: Shown is the IR-REMPI line around 520 cm-1 for 12C60 and 12C5813C2, scaled 
to the same height. In the inset, the observed shift in the peak position of the IR-REMPI 
line is shown for four different isotopic compositions.
12C60 and 12C5813C2 are compared. A clear shift towards lower frequencies is apparent for 
the heavier isotopomer. In the inset, the peak positions relative to 12C60 are shown for 
all isotopomers. As expected, the peak positions shift to lower frequencies when heavy 
isotopes are present. This shift is small, however. It ranges from approximately -0.3 cm-1 
for the cluster containing one 13C atom to -1.0 cm-1 for clusters containing three 13C atoms.
For a diatomic molecule, the changes in line position are easy to understand as the 
vibrational frequency is proportional to i -0'5, where i  is the reduced mass. In polyatomic 
molecules, the situation is not as clear-cut since the reduced mass depends on the vibra­
tional mode and the motion of the atoms. For pure 12C60 the reduced mass is for all 
vibrational modes 12. Diagonalizing a semiempirical (PM3) force constant matrix with 
one carbon atom replaced by a 13C atom yields reduced masses that range from 12.000 to 
12.11 and the specific shift of a line is critically dependent on the vibrational mode. For 
12C60 the position of the (threefold degenerate) T 1u IR resonance is calculated to be at 557 
cm-1. In the one 13C containing molecule, the line is calculated to split with two modes 
within 0.04 cm-1 of the original line (red. mass =  12.00) and one mode redshifted by 0.95 
cm-1 (red. mass =  12.03). Adding 2/3 of the experimental line of 12C60 to 1/3 of that line 
that is redshifted by 0.95 cm-1 gives, when scaled in intensity, a line that is in position 
and width indistinguishable from the observed line of 12C5g13C.
The situation becomes significantly more complex when two 13C atoms are present in 
one molecule. As they will be incorporated statistically, many possible isomers will result,
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each having possibly different line positions. However, the situation becomes simple again
for 13C60. There, all lines are shifted by a factor of , approximately 4 %, relative to
C60 [46]. If we now do a linear interpolation between 13C60 and 12C60, we obtain a shift of 
1/15 % per 13C atom. At 520 cm-1, this corresponds to 0.35 cm-1 per 13C atom - in good 
agreement with the observations.
T h eo re tica l m odel
For molecules to thermally ionize with a reasonable probability, the rate constant for ther­
mal electron emission has to compete with rate constants of other cooling processes. In 
low pressure (collision-free) environments, these cooling channels are the emission of light 
(radiative cooling) and the emission of particles (evaporative cooling). In the case of evap­
orative cooling, the particles emitted can be atoms, molecular fragments or electrons. All 
channels compete with each other. Which of the channels is important in a particular 
experiment depends strongly on the molecule, its degree of excitation and on the relevant 
experimental time-scale.
Radiative cooling can be approximately described by the Stefan-Boltzmann law. The 
emission intensity scales then as T4. The rate constants for fragmentation or ionization 
can to a first approximation be estimated from the Arrhenius equation and scale with tem-
_ .Ea_
perature as a: e kbT , with Ea being the activation energy for dissociation or ionization, kb 
the Boltzmann constant and T the vibrational temperature. Radiation will thus dominate 
at low internal energies, but at high energies it will not be able to compete with dissocia­
tion and ionization, which increase much more rapidly with increasing energy. When the 
excitation of the molecules or ions occurs via IR multiphoton excitation to sufficiently high 
energies, the density of vibrational quantum states can be very high; the molecule reaches 
a vibrational quasi continuum. The time evolution in phase-space can then be described 
by statistical models. The rate constant for thermionic emission at a certain internal en­
ergy can be estimated using the well known RRKM expression as the ratio of the sum of 
available product quantum-states (separate ion plus electron) to the density of states in the 
reactant, divided by Planck’s constant. Detailed investigations of the ionization process 
can be found elsewhere[20].
Since Cgo has 174 vibrational degrees of freedom, its density of states is enormous, even 
at moderate excitation energies. A plot of the vibrational density of states as a function 
of energy is shown in Fig. 1.7. The state density is evaluated using the Beyer-Swinehart 
algorithm using published vibrational frequencies[47]. At an internal energy of 7.6 eV, for 
example, 1065 states per wavenumber are present. Thus, when the vibrational energy is 
just at the ionization threshold, very many vibrational states exist, only a few of which 
are leading to ionization, however. In order for the ionization rate constant to reach the 
experimental time window, the internal energy has to be substantially higher than the 
ionization potential.
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Figure 1.7: In the top part, the density of vibrational states of C60 is shown as a function 
of internal energy. The calculated energy distribution for thermal C60 at 800 K is shown 
in the lower part of the figure.
As is estimated[42], 30-50 eV of internal energy in a C60 molecule are required for the 
rate constant of ionization to reach the experimental time window. When C60 leaves the 
oven at 800 K, the mean internal energy is 5 eV (Fig. 1.7). At an excitation energy of 520 
cm-1, the required additional 25-45 eV of energy correspond to 390-700 photons, which 
all have to be absorbed resonantly by a single molecule.
When C60 effuses from the oven at 800 K, its mean internal energy of 39000 cm-1 is 
rather high, but with 1048 states/cm -1 at this internal energy, the density of states is even 
more remarkable. The density of states rapidly climbs to much larger values at higher 
energies (see Fig. 1.7), and the coupling between these many states due to vibrational 
anharmonicities results in very fast IVR. It is therefore safe to assume that the rate of IVR 
is much faster than the rate of photon absorption. The vibrational energy is then at any 
time statistically distributed over the vibrational degrees of freedom and the excitation 
process can be described using a statistical approach[13]. It is also expected that, due to 
the high density of states and the coupling between them, coherent excitation effects, such 
as chirped induced adiabatic passage, are not important in the experiments described here.
We now go on to derive a model for the absorption process and compare the results to 
the experiment[29]. The individual levels in the ladder of levels that are in resonance with 
the excitation laser field are enumerated by the index i =  0...to and their energy E* can 
be expressed as E* =  hu ■ i where u  is the angular frequency of the laser radiation. The 
dynamics of the population distribution can be described by the kinetic equations
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d n i/d t — +  Fi-i,i — Fi,i+i — Fi,i-i C1-3)
where ni is the population of the i-th level and Fi,j is the rate of the population flow 
between level i and j induced by the laser. Fi,j can be written as
Fi,j — ■ °i,j ■ n i (1-4)
where I  is the laser intensity and oitj is the absorption cross-section of the i ^  j  
transition. The spectrally integrated absorption cross-section Ai,j is defined by
C d?.
A ij  — Oij (u) du  — Ures h e  (1-5)
where dij  is the dipole moment matrix element of the transition and u res is the fre­
quency of the molecular resonance. We assume that transitions in the ladder of levels are 
characterized by the statistically averaged values < d2,j > of the appropriate matrix ele­
ments. The relation between up and down transitions must satisfy the principle of detailed 
balance
Oi,i+1/o i+1,i — Ai,i+1/Ai+1,i — 9 i+1 / 9i (1-6)
with gi the density of states at level i. The absorption cross-section of a vibrational 
band is given by
a*,j(u) =  A i,j ■ ƒ (u — u res) (1.7)
where ƒ (u — u res) is a normalized Lorentzian lineshape function, in which broadening of 
the line due to IVR and shifts of the resonant frequency due to anharmonicities are incor­
porated. The rotational contribution is neglected in view of the small rotational constant of 
C60. We assume that both the width of the Lorentzian (FWHM), r(E*), and the resonant 
frequency depend linearly on the internal energy E* as r(E*) =  a ■ i and u res =  u 0 +  b ■ i. 
The expression for aitj (u) has to be convoluted with the spectral profile of the excitation 
radiation, which is assumed to be a Lorentzian as well.
The parameters a and b are estimated from temperature dependent emission studies on 
gas phase C60 [45] as a =  0.0165 cm-1 per quantum and b =  -0.017 cm-1 per quantum for 
the IR active mode with u 0 =  527 cm-1. The spectrally integrated absorption cross-section 
of this mode is obtained from FTIR data of solid C60 as 2.8 ■ 10-17 cm [48].
In the calculations, an initial thermal distribution of populations is taken. The laser 
pulse is taken as a block-function in time with the same time-integrated fluence as used 
in the experiment. The set of differential equations (1.3) is solved numerically using the 
Runge-Kutta-Merson algorithm.
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Figure 1.8: The top part shows the C+0 ion signal as a function of the FELIX frequency. In 
the lower part, the calculated internal energy, expressed in the mean number of absorbed 
photons, is shown as a function of FELIX frequency.
In Fig. 1.8, the experimental IR-REMPI spectrum of C60 around 520 cm-1 is shown 
(top trace) together with the excitation calculated using the model (bottom trace). In 
the calculation, a laser fluence of 5 J /cm 2 and a laser bandwidth of 2.5 cm-1 is assumed. 
It should be stressed that all parameters in the calculations are fixed and no adjustable 
parameters are used. The non-zero baseline in the calculation results from the thermal 
energy of the hot C60 effusing from the oven. The calculations show that the excitation of 
C60 can indeed be substantial: more than 700 photons of 520 cm-1 in a single molecule! 
The calculated excitation profile exhibits a maximum at a frequency of 521 cm-1, in good 
agreement with the maximum of the IR-REMPI peak at about 520 cm-1. Interestingly, 
this maximum at 521 cm-1 is obtained from a calculation that includes a value of 527 cm-1 
as a value for the 0 K absorption line position. Another striking feature is the asymmetry 
in the calculated excitation profile as well as in the experimental IR-REMPI lineshape in 
Fig. 1.8. In both spectra, the peak rises faster on the low frequency side and decays slower 
on the high frequency side. Qualitatively, this effect can be understood by the changes in 
absorption profile when the internal energy of C60 increases, as discussed in more detail 
elsewhere[29].
In Fig. 1.8, the mean number of absorbed photons is shown as a function of excitation 
frequency. Of course, not all molecules absorb the same number of photons and a distri­
bution of energies is associated with each excitation frequency. The distribution resulting 
from the numerical calculation at an excitation frequency of 520 cm-1 is shown as a solid 
line in Fig. 1.9. It is interesting to compare this distribution to a much simpler model: a
17
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Figure 1.9: The calculated internal energy distribution of an ensemble of C60 molecules 
excited at 520 cm-1 is shown as a solid line. Shown with a regularly dashed line is a 
binomial distribution. A thermal distribution with the same average energy is shown as 
an irregularly dashed line.
binomial distribution of the number of absorbed photons. Such a distribution is shown as 
a regularly dashed line in Fig. 1.9. This distribution is based upon the molecules being 
exposed to n =  2000 micropulses and for each micropulse, the absorption probability p is 
0.355, independent of the number of photons already absorbed. The resulting binomial dis­
tribution is somewhat narrower than the distribution obtained from the numerical model, 
however this distribution is based on a zero Kelvin initial thermal distribution while the 
numerical simulation includes an initial thermal distribution of 800 K. Clearly, such a bi­
nomial distribution serves as a good approximation for the more elaborate full numerical 
simulation of the excitation process.
When the absorption probability p is small, the binomial distribution goes over into 
a Poisson distribution. The standard variation of such a Poisson distribution is given by 
on =  \/n , where n =  n ■ p is the mean number of absorbed photons (710 in Fig. 1.9). In 
terms of energy, a Poisson distribution has a mean energy of:
E =  n ■ hv (1.8)
and a standard deviation of:
ae =  \ fn  ■ hv  (1.9)
A distribution with a mean energy of 710 photons at 520 cm-1 (46 eV) has thus a stan­
dard deviation of only 1.7 eV. This can be compared to the excitation with 9 photons of 
5.0 eV energy (248 nm, KrF excimer laser), in which the standard deviation of the energy
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distribution created is 15 eV - almost an order of magnitude wider.
After a molecule is excited in the multiple photon absorption process, one or more cool­
ing pathways are energetically open. Which one a particular molecule with some specific 
internal energy will take depends on the probabilities (rate constants) leading to the dif­
ferent product channels. For fragmentation and ionization, these probabilities will depend 
(nearly) exponentially on the internal energy. At most energies, there will be thus one 
rate constant for a particular channel that dominates. Further, when the energy is not 
too high, the molecule will be able to follow one and only one product channel within the 
experimental timeframe. In other words, if one excites and would obtain a microcanonical 
ensemble, the energy of the molecules could be chosen such that the molecules would only 
ionize and not fragment, or only fragment and not ionize.
If the excitation results in a wide distribution of internal energies, and one wants to 
observe products with some reasonable probability, many molecules will be in the hot wing 
of the distribution and will be able to, for example, fragment after undergoing thermal 
ionization. This is expected to be the case when exciting with 5.0 eV photons to 45 eV 
mean internal energy, where a substantial amount of molecules will have 60 or more eV 
of internal energy. And with UV photons this is almost unavoidable; when it is chosen 
to use a lower fluence to avoid the hot tail and fragmentation, the total ionization yield 
will be too low. On the other hand, when exciting with low energy photons, the resulting 
energy distribution will be so narrow that one can tune the mean of the distribution such 
that one has efficient ionization and hardly any molecules have enough internal energy to 
undergo fragmentation afterwards. This will result in fragmentation-free mass spectra, as 
we have indeed experimentally observed for C60 (see the inset in Fig. 1.4). This point is of 
particular importance in the cluster experiments where, when ionization and fragmenta­
tion would both be occurring, it would not be clear which neutral molecule is responsible 
for the observed spectral dependence of the production of a particular ion. In chapter 
2, the IR-REMPI process of C60 is interrogated by UV-pre-excitation. The effects of this 
pre-excitation are discussed and simulated with the help of the theoretical model described 
in this Introduction.
IR -R E M P I sp e c tra  of h igher fu llerenes
The IR-REMPI method combined with mass selective detection is ideally suited to obtain 
IR spectra of species that are only present as a mixture with other substances. Samples 
that are intrinsically hard to purify are fullerenes. While C60 and C70 can be separated 
from other larger fullerenes quite in a straightforward way, separation is difficult for higher 
fullerenes which can only be purified with very large effort. Compared to C60 and C70, 
much less is thus known about the structures of fullerenes with more than 70 atoms. In 
the group of higher fullerenes, Cg4 received the most attention, since it is the easiest to 
produce higher fullerene. In addition to the difficulty of separating the fullerenes based on 
the number of carbon atoms, most of them also contain an isomeric mixture that is often
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Figure 1.10: IR-REMPI spectra for C60 , C70 and C84.
difficult to separate. For some, the isomers that fulfill the isolated pentagon rule (IPR) are 
cataloged by Fowler[49]. While C60 and C70 posess only one IPR fullerene, 24 different IPR 
structures are possible for C84. For larger fullerenes, the number of possible IPR isomers 
increases dramatically. Soon after the first report on the isolation of the higher fullerene 
C84 [50] a considerable experimental and theoretical effort has been launched towards elu­
cidating i t ’s structure(s). Based on NMR experiments [50,51], it is now agreed upon that 
samples mostly contain two isomers, one isomer with D2 and one with D2d symmetry.
The experimental approach is the same as in the experiments on C60. To obtain the 
C70 spectrum, a sample of pure C70, and to obtain the C84 spectrum, a sample of “higher 
fullerenes” (both MER Corporation) are placed in the oven. The “higher fullerenes” sample 
contains 30% C84, with the next most abundant fullerene present for less than 15%. Less 
than one mg of sample is found to allow several hours of stable operation. In Fig. 1.10, 
IR-REMPI spectra of C70 and C84 are shown and compared to the IR-REMPI spectrum 
of C60 (as also shown in Fig. 1.4).
Surprisingly, in the spectrum of C70, fewer lines are observed than in the spectrum of 
C60. Peaks are observed at 525 cm-1, 563 cm-1 , 1360 cm-1 and 1480 cm-1. However, all 
lines besides the line at 563 cm-1 are found to be broad and asymmetric, so that they are 
likely caused by several resonances. C70 in its D5h symmetry has 31 IR allowed modes, 10 
of A2” and 21 of E1’ symmetry. About 10 of those lines are strong in the IR absorption 
spectrum[43] and are found between 458 and 674 cm-1, at 795 and 1134 cm-1 and between 
1414 and 1460 cm-1. It appears that in the IR-REMPI spectrum, only the strongest modes
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are found and the modes for example at 795 and 1134 cm-1 are not observed. The broad 
peaks at 1360 and 1480 cm-1 are the redshifted counterparts of the structure found in the 
absorption spectrum between 1414 and 1460 cm-1. The peaks at 525 and 563 cm-1 likely 
correspond to the strong IR absorption features at 535 and 578 cm-1.
The C84 spectrum is rather different and exhibits a richer structure than the C60 spec­
trum. It consist of three peaks at 475 cm-1, 632 cm-1 and 784 cm-1, followed by a series 
of partially unresolved peaks, ranging from 1050 cm-1 to 1600 cm-1. It should be noted 
that the peak at 475 cm-1 is the lowest frequency IR-REMPI peak obtained so far. In 
order for the molecule to acquire the energy necessary for efficient autoionization (30-50 
eV [42]) more than 800 photons have to be absorbed by a single molecule at that frequency.
The IR-REMPI spectrum of C84 has been compared to theoretical predictions [28]. 
There, the experimental spectrum is compared to spectra of two isomers, the D2 and the 
D2d isomer. The two calculated spectra are found to be very similar to each other and 
in very good agreement with the experimental spectrum. A more detailed account on the 
experiments on C84 can be found elsewhere [28].
1.3.2 Infrared excitation  of gas phase nanoclusters
Most fullerenes distinguish themselves from other molecules by the fact that they are 
very strongly bound and that their ionization potential is low compared to the activation 
barrier for dissociation. Vibrationally hot fullerenes can thus evaporate an electron in­
stead of fragmenting. The only other class of gas phase species where thermionic (delayed) 
emission is known to occur are strongly bound clusters containing highly refractory metals.
Such clusters can be generated using the laser vaporization techniques described in sec­
tion 1.2.3. When the vaporization of the metal rod occurs in a gas mixture containing a 
neutral rare gas and a reactant gas, mixed cluster materials, such as metal-carbide, -oxide 
or -nitride clusters can be produced. Charged particles that are generated are deflected 
by electric fields and the neutral cluster beam reaches the interaction region with FELIX. 
When FELIX is resonant with a vibrational mode of the cluster, many photons can be 
absorbed and the cluster can subsequently thermally ionize. This will only happen to very 
stable clusters, as less stable clusters will fragment rather than ionize, and the observation 
of ionic signal is thus indicative of the high stability of the corresponding cluster.
In chapters 3 to 9, results from studies on metal-carbide and -oxide clusters are pre­
sented using the IR-REMPI technique. The goal is not only to obtain reliable infrared 
spectra of the species under investigation, but also to use this information to characterize 
their structural or chemical properties.
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C h a p t e r  2
I R - R E M P I  S p e c t r o s c o p y  f o r  
T h e r m o m e t r y  o f  C 6 0 ‘
A bstract
Gas phase C60 molecules are excited with a 30 ps 266 nm Nd:YAG laser, followed by 
a train of high power infrared (IR) sub-picosecond pulses from a Free Electron Laser 
(FEL), which resonantly heats the molecules up to internal energies at which they efficiently 
undergo delayed ionization. By tuning the IR laser wavelength, infrared REMPI spectra 
are obtained and compared to simulations, giving detailed insight into the influence of UV 
pre-excitation on the IR laser ionization process of C60 molecules.
1Adapted from: D. van Heijnsbergen, G. von Helden, B. Sartakov, and G. Meijer, Chem. Phys. Lett. 
321, 508 (2000).
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2 IR-REMPI Spectroscopy for Thermometry of C60.
2.1 Introduction
Fullerenes are uniquely suited to study the microscopic equivalent of the thermal elec­
tron emission from heated surfaces, the thermionic emission of electrons from gas phase 
molecules and clusters. This phenomenon is unique to strongly bound species and is now 
observed for metal clusters [1, 2], metal-carbide, oxide and nitride clusters [3, 4, 5] as well 
as for fullerenes [6, 7, 8]. Among these species, C60 is the molecule for which the most 
information on structure and energetics is available.
Understanding the thermionic emission from small isolated systems will yield new in­
sights and a better understanding of intramolecular energy transfer and relaxation pro­
cesses. In order for thermionic emission to occur, large amounts of vibrational energy have 
to be exchanged with electronic energy and the timescales and mechanisms are presently 
not well understood.
Traditionally, the energy needed for thermionic emission to occur is deposited in the 
molecule by absorption of UV or visible light. In this case, excited electronic states are 
populated initially, which are assumed to relax rapidly to the electronic ground state sur­
face. A more direct approach is to resonantly excite the infrared active vibrational modes 
of a molecule or cluster itself, using infrared (IR) radiation. In this case, there is no am­
biguity about whether the process of thermionic emission starts from the ground state or 
an excited state surface.
Initiating thermionic emission of gas phase species using IR light requires a bright and 
tunable IR source. With the advent of free electron lasers, such light sources are now avail­
able. We have recently demonstrated IR laser induced thermionic emission to be efficient 
for C60 [8, 9, 10], larger fullerenes [11] as well as for metal-carbide clusters [4]. In the exper­
iment and calculations presented here, the influence of ultraviolet (UV) pre-excitation on 
the efficiency of infrared multi-photon ionization of C60 is studied. It is expected that the 
efficiency of multi-photon ionization is highly dependent on the initial energy distribution 
of C60 molecules. UV pre-excitation can lead to an energy distribution quite different from 
thermal, but still well-defined.
2.2 E xperim ental
To monitor the effect of different internal energy distributions on the multi-photon ioniza­
tion process, UV quanta are used to create well-defined internal energy distributions. In 
these UV pre-excitation experiments, the C60 molecules are first exposed to 30 ps pulses of 
UV light followed by FELIX. The UV pulses originate from a Nd:YAG laser, quadrupled 
to 266 nm. The last mirror, coupling the UV light into the vacuum chamber, is mounted 
on a translation stage, giving the opportunity to vary the UV sheet position relative to 
the FELIX focus, as depicted in Figure 2.1. Within several ^s, this light is followed by the
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Figure 2.1: Scheme of the experimental setup with UV pre-excitation.
macropulse of FELIX. The ions produced are detected in the same way as described before.
To achieve well-defined internal energy distributions, the absorption of UV photons has 
to be carried out in a controlled manner. The energy of an UV photon (4.7 eV) is initially 
absorbed as electronic energy, which does not cause immediate ionization (IP of C60 =  7.6 
eV [13]). The lifetime of most electronic states is very short (sub-nanosecond) and fast 
energy transfer into the vibrational modes of the electronic ground state (S0) occurs (inter­
nal conversion). By using very short UV pulses, redistribution of energy in the molecules 
has not fully taken place during the UV pulse yet, and absorption of a second photon will 
lead to a substantial amount of direct C++ ions. Maintaining the intensity of the ultraviolet 
beam at a level just below the threshold for this direct ionization of C60, the average num­
ber of UV photons absorbed cannot exceed one by much. Likewise, the intensity of the 
FELIX radiation is reduced to a level such, that ionization by FELIX alone is minimized. 
In this way, the contribution to the ion yield from the separate light sources is negligible. 
With these settings and with both lasers running, the ions created are a direct result from 
the absorption of a combination of photons coming from the UV and the IR laser. This 
“double-resonance” signal is monitored as a function of the IR laser wavelength to give the 
IR-REMPI spectra of the UV pre-excited molecules.
2.3 R esu lts and discussion
In Figure 2.2A, the IR-REMPI spectrum of C60 is shown, measured without UV pre­
excitation. Below, a theoretical simulation is depicted, of which details will be given later.
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Frequency (cm- )
Figure 2.2: A. IR-REMPI spectrum of ground state C60 with the theoretical simulation just 
below. B. IR-REMPI spectrum of UV pre-excited C60 molecules, again with the theoretical 
simulation just below. The dashed lines are the positions of the C60 emission lines at 950 
K [15]
The first three bands of the experimental spectrum at 518, 1150 and 1397 cm-1, correspond 
to three of the four infrared active fundamental F 1u modes of C60 [14]. The fourth IR active 
fundamental (545 cm-1) is very weak and not visible in this spectrum. In addition, C60 
has one weak and one strong combination band around 1500 cm-1, which is visible here. 
These four peaks are also observed in the theoretical spectrum, although the peak at 1150 
cm-1 is not visible on this scale, due to its weakness. The dashed lines are the central 
positions of the emission lines of C60 in the gas phase at 950 K [15], located at 528, 570, 
1171, and 1411 cm-1 . The observed red-shift of the IR-REMPI peaks with respect to the 
emission lines, is solely due to the anharmonicity of the vibrational modes. This can be 
quite substantial since hundreds of photons are absorbed before thermionic emission occurs.
In Figure 2.2B, the experimental IR-REMPI spectrum is shown with UV pre-excitation, 
together with its theoretical analogue. In these spectra all fundamental modes are visible. 
All peaks, except for the lowest frequency one, are broadened significantly. Furthermore, 
an additional substantial red-shift of up to 25 cm-1 is observed for these peaks. The rela­
tive intensities of the peaks in both experimental spectra are very similar, however it can 
be noted that the lowest frequency peak in Fig. 2.2B has become smaller, relative to the 
others.
The first excited electronic state of C60, the triplet state T 1, is the only electronically 
excited state that has a lifetime as large as microseconds. The reported lifetimes for this 
state range from 2 to 41 ^s [16, 17], strongly depending on internal energy. Since FELIX 
follows the UV light after several microseconds, it cannot be excluded that the vibrational
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frequencies of the excited triplet state, instead of the singlet ground state are measured in 
the IR-REMPI spectrum. However, several arguments contradict this hypothesis.
As seen in Figure 2.2 the number of resonances are the same in both A and B. This 
is strong evidence that both spectra A and B originate from the same electronic state. 
From an electronically excited state one would expect more infrared active bands due to 
a lowering of symmetry. A second argument concerns the lifetime of the pre-excited state. 
This is examined by varying the time delay between UV pre-excitation and IR ionization. 
In those experiments, the UV excitation occurs spatially before the IR excitation (by using 
the translation stage) to compensate for the velocity of the C60 beam. By doing so, these 
molecules can be pre-excited tens of microseconds before FELIX probes the molecules, 
and only a small loss of the ion intensity is observed. Substantial more loss of this double 
resonance signal would be expected if this were due to the triplet state.
The most convincing argument, however, is the theoretical simulation. To confirm that 
the observed peaks in the pre-excited IR-REMPI spectrum belong to C60 in its electronic 
ground state, a simulation of the IR excitation process of C60 is carried out. The results of 
the simulation, as will be presented in the following, show that the additional red-shift of 
the prominent peaks in the pre-excited IR-REMPI spectrum can well be explained by the 
anharmonicity of the vibrations, taking into account the set of different vibrational energy 
level distributions, reached by absorption of respectively 0,1,2,3,.. UV photons. The red­
shift values can be used to measure the average energy of pre-excitation, and IR-REMPI 
spectroscopy can thus be used for thermometry of C60.
2.4 S im ulations o f the spectra.
The IR-REMPI spectra of C60 with and without UV pre-excitation are simulated using a 
model which assumes that UV pre-excitation creates an ensemble of electronically excited 
molecules with a Poisson distribution of absorbed UV quanta. The molecules then relax 
rapidly to vibrationally excited levels in their electronic ground states. After relaxation, 
the molecules interact with the infrared light of FELIX.
From the theoretical modeling as described in section 1.3.1 one obtains the following 
rate equations for the IR-REMPI excitation of the energy ladder via successive absorption 
of IR quanta [10]
1 dni dni
--------1 1 (2.1)
I  dt d$  1 ;
=  T—(Vi+M ■ ni+1 +  Oi-1i ■ n i-1 — Oi i+1 ■ n i — Oi i-1 ■ n i)
nu
where $  is the fluence of the infrared laser pulse. The modeling of absorption cross sections 
was based on the experimental data on anharmonicity and broadening parameters, and on
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Uo (cm-1 ) Am (cm) am (cm 1/quant) bm (cm 1/quant)
526.50
575.80
1182.90
1435.20
1539.00
0.277 ■ 10-16 
0.777 ■ 10-17 
0.772 ■ 10-17 
0.108 ■ 10-16 
0.200 ■ 10-17
1- 
1­
0
0
1
1
7
9
2
LO 
 ^
O
 
 ^
O 
^
8
4
0
0
0
CO 
co
 
0. 
0.
0.825 ■ 10-2 
0.825 ■ 10-2 
0.370 ■ 10-1 
0.370 ■ 10-1 
0.100 ■ 10-1
Table 2.1: Parameters used in the simulations. The integral absorption cross sections 
are given by A m, the anharmonicity parameters by am, and the broadening parameters by
bm. [10]
integral absorption cross sections of vibrational bands of C60 [15]. We assume that both the 
width of the peaks and the resonant frequency depend linearly on the internal energy Ej 
as r(E i)  =  am ■ i and u res =  u 0 +  bm ■ i. Table 2.1 gives an overview of the parameters used. 
A more detailed description is available elsewhere [10]. The ionization rate of an excited 
molecule is calculated by using the thermionic model [18, 19]. In this model dissociation is 
neglected, since the ionization potential is substantially smaller than the dissociation limit.
The rate equations (2.1) are solved numerically. The initial population distribution 
over the vibrational manifold is taken to be a Boltzmann distribution at a temperature 
equal to the oven temperature. The additional ultraviolet photons shift the whole energy 
distribution by discrete amounts
n m(E ) =  n B(E — m  ■ hu) (2.2)
where m  is the number of absorbed UV quanta and hu  is the energy of an UV quantum. 
The distribution of absorbed UV quanta is assumed to be a Poisson distribution
Pm =< q >m ■e~<q>/m \ (2.3)
where Pm is the probability that a molecule absorbs m  UV quanta, < q > is the average 
number of absorbed quanta.
The simulated spectra are shown in Fig. 2.2 in comparison to the experimental spec­
tra. The broadening parameter of the 1183 cm-1 band is not known from literature but 
is taken to be equal to the corresponding parameter of the 1435 cm-1 band. These two 
bands are stretch modes, so it is natural to suppose that the magnitude of the spectroscopic 
parameters is about the same. This appears justified by the good agreement between the 
simulated and measured spectra.
The anharmonicity parameter of the combination band at 1539 cm-1 is initially taken 
to be equal to the parameter of the 526 cm-1 band. Here, we supposed that this band 
is a combination of two bending modes like the 526 cm-1 mode. After comparison with
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Frequency (cm-1 )
Figure 2.3: Fragment of the simulated spectrum with the decomposition of the peak around 
1380 cm-1.
experiment this value is adjusted such that good agreement with the measured intensity 
of this peak is achieved. The discrepancy in the width of the peak can be due to the 
interference with the neighboring combination bands, which are not yet taken into account.
In the course of the calculation, the average number of UV quanta was varied and the 
best agreement with the experimental spectra was achieved at < q > ~  1. It is however 
important to note that when the distribution of C60 molecules absorbs one quantum on 
average, a significant amount of the molecules absorb two or more quanta. The calcula­
tions show that the position of the peaks in the IR-REMPI spectrum of pre-excited C60 
molecules is mostly determined by the molecules which absorb two UV quanta. Although 
the number of these molecules is smaller, the probability to ionize them by IR radiation 
is much higher than for molecules that absorbed one UV photon only. This is illustrated 
in Fig. 2.3 where the peak at 1380 cm-1 is shown with the spectral contributions from 
molecules that absorbed 0,1,2,3,4 UV quanta, indicated separately. It is clear from this 
figure that contributions from C60 molecules that have absorbed more than one UV quan­
tum, can not be neglected. Experimental evidence for this is the large width of the observed 
peaks which is explained by the large width of the Poisson distribution and can not be 
explained if we assume that only one UV quantum is absorbed by C60.
The vibrational excitation energy spectra (total energy; thermal +  UV +  IR photons) 
are simulated for the cases of pre-excitation by 1 and 2 UV quanta as well as without UV 
pre-excitation. These spectra are shown in Fig. 2.4. It is seen from these calculations that 
the excitation energy can reach the value of 40-50 eV. This fact is interesting not only 
because it explains the high ionization yield but it opens the opportunity to reach very 
highly excited states of C60 via IR excitation.
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Figure 2.4: Three simulations of vibrational excitation energy spectra with 0, 1, or 2 UV 
quanta, respectively, from bottom to top.
2.5 C onclusion
Absorption of UV quanta prior to infrared laser ionization results in broadening and shift­
ing to lower frequencies of the vibrational resonances of C60 in the IR-REMPI spectra. 
Experimental conditions are maintained such, that an average absorption of one UV quan­
tum is assured. The obtained IR-REMPI spectra of these pre-excited molecules indicate 
that they originate from the vibrationally hot ground state, and not from the meta-stable 
triplet state. The initial UV (electronic) excitation is converted to vibrational energy in 
the electronic ground state. A theoretical simulation of the spectra is carried out with 
a Poisson distribution of absorbed UV quanta. The best agreement with experiment is 
indeed obtained with the Poisson distribution centered around 1 UV quantum.
Absorption of more UV photons leads to higher vibrationally excited C60 molecules, 
which have an increased IR laser ionization efficiency. The actual ionization yield depends 
on the product of the number of molecules in the selected pre-excited states and the ion­
ization efficiency from these states. It is observed that the dominant contribution to the 
ionization yield in our experiment is actually from molecules that absorbed 2 UV quanta. 
The red-shift values of the peaks in the IR-REMPI spectra can be used to measure the 
average energy of pre-excitation, and IR-REMPI spectroscopy can thus be used for ther­
mometry of C60.
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C h a p t e r  3
V i b r a t i o n a l  S p e c t r o s c o p y  o f  G a s  
P h a s e  M e t a l - C a r b i d e  C l u s t e r s  a n d  
N a n o c r y s t a l s 1
A bstract
Neutral Ti8C12 and Ti14C13 clusters are produced in the gas phase with pulsed-nozzle laser 
vaporization. Infrared multiphoton excitation with a pulsed free electron laser results in 
thermionic electron emission for these clusters, and the parent molecular ions are detected. 
Multiphoton ionization is strongly enhanced on vibrational resonances of these clusters, 
making it possible to observe infrared resonance enhanced multiphoton ionization (IR- 
REMPI) spectra. These spectra indicate C-C bonding for the “met-cars” while T i14C13 
has remarkable similarities to bulk TiC.
1 Adapted from: D. van Heijnsbergen, G. von Helden, M. A. Duncan, A. J. A. van Roij, and G. Meijer, 
Phys. Rev. Lett. 83, 4983 (1999).
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3.1 Introduction
Laser vaporization in pulsed nozzle sources has made it possible to produce a fantastic 
variety of atomic clusters [1, 2]. For carbon clusters, variations on these methods made it 
possible to produce C60 and the related fullerenes and nanotubes in macroscopic quantities 
and to study them using conventional spectroscopy [3]. However, most clusters produced in 
the gas phase, especially those containing metals, remain largely uncharacterized. Among 
these are the fascinating transition metal-carbide clusters, which preferentially form specific 
stoichiometries such as the M8C12 “met-cars” species [4, 5, 6] and the M14C13 “nanocrys­
tals” [7, 8]. We present here infrared spectra for size-selected titanium-carbide clusters in 
the gas phase, giving unique and direct information on their structure. Neutral gas phase 
titanium-carbide clusters are excited to internal energies at which they efficiently undergo 
delayed ionization using a widely tunable infrared free electron laser. The excitation pro­
cess is strongly enhanced on vibrational resonances, and monitoring the ion signal as a 
function of laser wavelength yields vibrational spectra. The spectra indicate that Ti8C12 
has C-C bonding while Ti14C13 has remarkable similarities to bulk TiC, consistent with 
the cage and crystallite structures previously suggested [4-8].
The M8C12 met-cars clusters were first reported by Castleman and coworkers for the 
early transition metals Ti, V, Zr and Hf [4, 5]. Later studies showed that this stoichiometry 
is also preferred for other transition metals (Fe, Cr, Mo) [6]. Castleman first proposed a 
structure in which both metal and carbon are present in the wall of a symmetric cage with 
12 five-membered rings on its surface (Th symmetry) [4]. More recent theoretical work 
[9, 10, 11, 12] has suggested a structure with T d (tetrahedral) symmetry, which has an 
inner set of four equivalent metal atoms, an outer set of four metal atoms capping the 
three-fold surfaces of the inner set, and six C2 moieties spanning diagonally across the sur­
face metal atoms. Unlike the Th structure, the Td configuration gains additional stability 
through metal-metal bonding. Both structures suggest ionic bonding between partially 
positive metals and partially negative C2 groups. Chemisorption reactivity studies have 
suggested either eight or four equivalent metal atoms on the surface depending on con­
ditions [13, 14], while negative ion photoelectron spectra are consistent with the orbital 
occupation expected for the Td structure [15, 16]. Ion mobility measurements determined 
that the structure is approximately spherical, but could not distinguish between the pro­
posed symmetries [17]. The M14C13 cluster was suggested to have a 3x3x3 cubic crystalline 
structure [7, 8], which is supported by theory [12, 18]. Neither the M8C12 nor the M14C13 
clusters have been isolated, and there is no spectroscopic data which can confirm or dis­
prove the proposed structures.
Laser induced multiphoton absorption and subsequent thermionic electron emission 
has been documented previously for several gas phase cluster systems including metals 
[19, 20], fullerenes [21, 22] and the present metal-carbides [23]. Multiphoton absorption 
causes internal heating of the cluster, and statistical randomization of this energy takes 
place. When there is sufficient excess energy, dissociation may occur. However, in clusters 
with strong bonding and a relatively low ionization energy, electron emission can become
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Figure 3.1: Mass spectra observed after photoionization of the cluster molecular beam with 
the infrared free electron laser at 7.3 and 20.0 ^m. The upper trace shows the preferential 
ionization of the Ti8Ci2 cluster ion and others near this mass at 7.3 ^m. The inset shows 
the expected isotope distribution. The lower frame shows the preferential formation of the 
Ti14C13 ion at the 20.0 ^m wavelength.
competitive with dissociation. Thermionic emission has been observed with both visible 
and infrared lasers, consistent with this mechanism. The spectroscopic utility of infrared 
laser induced thermionic emission has recently been demonstrated for C60 [22]. In these 
studies, a significant enhancement in the ionization efficiency is observed when photons 
are absorbed into IR-allowed vibrational resonances. Although the ionization process is 
complex, the resulting infrared resonance-enhanced multiphoton ionization (IR-REMPI) 
spectrum bears close resemblance in peak position and relative intensity to the conventional 
infrared absorption spectrum. The success of IR-REMPI spectroscopy for the fullerenes 
suggests that it may be possible to employ this method for infrared spectroscopy of metal 
clusters produced in situ in low density molecular beams. Titanium-carbide clusters were 
chosen for this initial study because of the intriguing structures proposed for these species 
and because they have the required strong bonding (about 5-6 eV per atom) [9-12] and 
low ionization energies (4-5 eV) [24]. As mentioned above, thermionic emission has already 
been observed for Ti8C12 [23].
Ablating a pure titanium rod synchronized with gas pulses containing 1-5 % methane 
seeded in argon leads to the build-up of titanium-carbide clusters in a molecular beam ex­
pansion, as described in Chapter 1. These clusters are then investigated with the infrared 
light from FELIX. When the IR light is resonant with a vibration, thermionic emission 
occurs for the stable TiC stoichiometries. The ions produced are subsequently detected in 
the reflectron time-of-flight mass spectrometer.
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3.2 R esu lts and discussion
To exploit the thermionic emission process for spectroscopy, we employ infrared excitation 
of the molecular beam using FELIX. No ions are observed until the infrared laser is turned 
on at the precise time when the pulse of neutral clusters passes through the mass spec­
trometer. Figure 3.1 shows that surprisingly large ionization signals are observed following 
infrared excitation. In spite of the extreme laser conditions used, only a few specific ions 
are formed, and laser power dependence studies reveal little evidence for fragmentation. 
Most importantly, different clusters are produced more effectively at different wavelengths. 
The upper trace shows the mass spectrum when the excitation laser is tuned to A =  7.3 
The most prominent feature is centered around 528 amu, which is the mass assigned 
previously to the Ti8C12 “met-cars” cluster. 13C isotope studies (needed because of the co­
incidence between Ti and 4C masses) confirm that this is the stoichiometry observed here. 
Other masses also detected in this region can then be assigned to Ti7C12 and Ti8C11. The 
inset shows an expanded view of the Ti8C11 and Ti8C12 mass peaks revealing the pattern 
expected for the distribution of titanium and carbon isotopes. Ti7C 12 is a known fragment 
from the dissociation of Ti8C12, and this peak disappears at lower laser power, indicating 
that it is due to fragmentation. The Ti8C11 species has not been identified previously as 
a fragment ion or as a particularly stable cluster, but it shows strong thermionic emission 
indicating its substantial stability. At A =  20 ^m, these cluster masses are much weaker, 
while a new intense mass peak, also with a width determined by isotopes, is detected at 
828 amu. This is the mass observed previously and assigned to the T i14C13 “nanocrys­
tal” cluster. Again, 13C isotopic studies confirm that this is the stoichiometry observed 
here. These observations unambiguously confirm the previous observations that the neu­
tral Ti8C12 cluster undergoes thermionic emission when heated [23]. However, this is the 
first report indicating that the Ti14C13 nanocrystal cluster exhibits efficient thermionic 
emission as well and must therefore be exceptionally stable as a neutral.
Variation of the time delay between the infrared laser pulse and the ion extraction pulse 
shows that the ionization signal increases steadily throughout the FELIX macropulse, and 
then drops off exponentially with a time constant of 2-3 ^sec after the laser pulse ends. 
For thermionic emission to be efficient, ionization in this time frame is believed to re­
quire vibrational energy well in excess of the ionization threshold. It is therefore quite 
remarkable that such a sequential absorption of multiple photons can occur during a single 
macropulse from the laser for molecules passing through the sub-mm diameter laser focus 
at the molecular beam velocity (600 m/s). The efficiency of the process must be relatively 
high to detect the low density of sample present in the molecular beam and to produce 
ion signals so large that a recognizable mass spectrum is evident on the oscilloscope for 
each laser shot. The density of such cluster beams is difficult to estimate due to the uncer­
tainties in the amount of vaporized material and the efficiency of its growth into specific 
cluster molecules. A rough estimate suggests that the density of clusters is about 108-1010 
cm-3 in the ionization region. This measurement therefore demonstrates that the infrared 
multiphoton ionization process has enough sensitivity to be useful in low density media.
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Figure 3.2: a) The infrared resonance-enhanced multiphoton ionization spectra obtained 
for the Ti8Ci2 , Ti8Cn and Ti14C13 clusters are shown. In each spectrum the indicated 
parent molecular ion yield is measured while tuning the infrared wavelength. The structures 
proposed previously for Ti8C12 and Ti14C13 are shown in the figure. b) The EELS spectrum 
of the rock-salt TiC (100) surface, as measured by Oshima et al. [26], is shown.
The most compelling aspect of the infrared ionization process is its wavelength depen­
dence. Figure 3.2a shows the spectra of three selected clusters as the infrared ionization 
laser is tuned through the region of 400 to 1670 cm-1 . It is immediately apparent that there 
is a strong wavelength dependence to the ionization yield and that this wavelength depen­
dence is different for the different cluster masses measured. The Ti8C12 ”met-cars”cluster 
has a strong resonance centered at 1395 cm-1 (1345 cm-1 for the 13C cluster), while the 
Ti14C13 cluster has no measurable resonance in this wavelength region. In previous work 
on C60 [22], the IR-REMPI process was clearly associated with the known infrared absorp­
tion spectrum. In the present case, there are no infrared spectra of these clusters with 
which to compare. However, the frequencies measured can be associated with vibrational 
resonances for specific structural patterns in these clusters. The 1395 cm-1 band in Ti8C12 
is logically associated with a C-C stretching mode. C-C bonding is expected for all of 
the structures proposed for these met-cars clusters, but there is no previous confirmation 
of this connectivity for these clusters. By this same reasoning, the Ti8C11 cluster with a 
resonance at 1350 cm-1 (1305 cm-1 for the 13C cluster) can be concluded to have a similar
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kind of C-C bonding. The distinctly different spectrum observed for this cluster confirms 
that it is not a fragment of Ti8C12, but that it has a related structure. The T i14C 13 has no 
detectable resonances in this high frequency region, implying that it has no C-C bonding. 
This is expected to be true for the proposed nanocrystal structure for this cluster. In the 
fcc lattice, there is M-C bonding, but no metal-metal or carbon-carbon bonding. All 
three of these clusters have resonances in the 400-600 cm-1 region. Ti8C12 has resonances 
at 520 and 455 cm-1 (500 and 450 cm-1 for the 13C cluster), with a possible weak band 
around 660 cm-1. Ti8C11 has a single resonance at 535 cm-1 (520 cm-1 for the 13C clus­
ter). The Ti14C13 cluster has two resonances in the longer wavelength region at 630 and 
485 cm-1 (610 and 475 cm-1 for the 13C cluster). The low frequency features are particu­
larly strong for the Ti14C13 cluster. Bulk TiC with the well-known rock-salt structure, has 
surface phonon resonances in this region. In Figure 3.2b the electron energy loss spectrum 
(EELS; specular direction) of the TiC (100) surface, as measured by Oshima et al. [26], 
is reproduced. Only two peaks, assigned to IR active optical surface phonon modes, are 
observed. The similarity between the IR-REMPI spectrum of the T i14C13 cluster and the 
EELS spectrum of the TiC bulk surface is striking, and is direct evidence for the proposed 
nanocrystalline structure of Ti14C13.
3.3 C onclusion
The results shown here represent the first infrared spectra of gas phase metal clusters. 
Infrared spectroscopy is particularly problematic for these species due to the intrinsically 
weak absorption in this region and the limited availability of intense tunable light sources. 
The method presented here is uniquely suited to strongly bound clusters with low ioniza­
tion energies, a condition which is met for many pure metal clusters and metal compound 
clusters. The IR-REMPI method using widely tunable free electron lasers therefore pro­
vides unprecedented opportunities to probe the structures and dynamics of size-selected 
metal, non-metal and semiconductor atomic clusters in the isolated gas phase environment.
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C h a p t e r  4
T i t a n i u m - C a r b i d e  N a n o c r y s t a l s  i n  
C i r c u m s t e l l a r  E n v i r o n m e n t s 1
A bstract
Meteorites contain micrometer-sized graphite grains w ith  embedded titanium-carbide 
grains. W h ile  isotopic analysis identifies asymptotic giant branch stars as the birthsites of 
these grains, there is no direct observational identification of these grains in astronomical 
sources. Here we report that infrared wavelength spectra of gas phase T iC  nanocrystals 
derived in a laboratory show a prominent feature at 20.1 which compares well to a 
similar feature in observed spectra of post-asymptotic giant branch stars. It  is concluded 
that T iC  forms during a short (approximately 100 years) phase of catastrophic mass loss 
(> 0.001 solar masses per year) in dying, low mass stars.
1 Adapted from: G. von Helden, A. G. G. M. Tielens, D. van Heijnsbergen, M. A. Duncan, S. Hony, L. 
B. F. M. Waters, and G. Meijer, Science 288, 313 (2000).
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4.1 Introduction
Meteorites are known to contain micrometer-sized graphite grains whose isotopic compo­
sition suggests an origin in the ejecta of stars on the asymptotic giant branch (AGB), a 
late stage of evolution in the life of low mass stars characterized by the nucleosynthesis of 
elemental carbon through the trip le-a process and s-process elements in the star’s interior
[1]. These newly synthesized elements are mixed to the surface where they slowly turn 
the star into a C-rich object. These elements are eventually spread over the galaxy in a 
wind, much of it in the form of stardust. Analysis of individual stardust grains recovered 
from meteorites reveals internal TiC grains, often as cores which served as heterogeneous 
nucleation centers for graphite grain condensation [2]. While isotopic analysis pinpoints 
AGB stars as the formation sites for this stardust, there is no direct astronomical evidence 
for its origin from these objects. Moreover, the sizes and composition of these grains are 
not well understood in current models of dust formation on the AGB [3]. Here we present 
astronomical evidence for the presence of TiC nanocrystals, and hence the graphitic star­
dust, in space, specifically near stars that are the evolutionary descendants of AGB stars.
AGB stars are a prime source of carbonaceous dust in the interstellar medium [4] and 
the composition, origin and evolution of this dust has been studied through observations, 
particularly in the infrared wavelength range. These observations reveal the dominance 
of carbonaceous materials such as amorphous carbon, polycyclic aromatic hydrocarbon 
molecules (PAHs) and SiC, in stardust birth-sites where the elemental abundance of car­
bon exceeds that of oxygen [5,6]. In addition, a number of characteristic infrared emission 
features have been recognized in the spectra of circumstellar dust which have been used 
to search for specific classes of objects in the IRAS spectral catalog [7]. In particular, a 
feature near 21^m, now known to be at 20.1 [8], has led to the identification of a class 
of sources known collectively as the “21^m sources” [9]. Optical spectroscopy has shown 
that these 21 sources are metal-poor, C-rich, red giants with stellar temperatures in 
the range of 5000-8000 K and enhanced s-process elemental abundances, supporting their 
post-AGB nature [10-12]. These population II [13] stars with M  ~  1 M0 were formed 
during the early history of the Milky Way and have now, after some 1010 yr, just reached 
the post-AGB phase which ends the life of all low mass stars.
4.2 E xperim ental
The method used for the production of the gas phase titanium-carbide clusters is identical 
to the one described in Chapter 3. Infrared and far-infrared spectra for these species are 
measured using the free electron laser for infrared experiments (FELIX) [14]. For Ti8C12 
and Ti14C13, the spectra in Chapter 3 provide evidence [15] for the previously proposed 
met-car [16] and nanocrystal [17] structures. A structural assignment based upon mass 
spectra for larger TiC clusters is complicated by the broad isotope distribution of tita­
nium. The IR spectra of those larger clusters are, however, similar to that of T i14C13,
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which indicates that the larger clusters have nanocrystalline structures. For each size of 
the TiC clusters in the experiments, the wavelength dependence of the ion signal was mea­
sured, but these IR spectra were indistinguishable. The wavelength spectra of the different 
nanocrystals with sizes ranging from 3x3x3 atoms to 5x5x5 atoms were therefore summed 
(Fig. 4.1) to produce a composite spectrum, showing a strong peak near 20.1 ^m with a 
width of about 1.8
We investigated the composition of dust in the surroundings of AGB stars, post-AGB 
objects and planetary nebulae (PNe) using the short wavelength spectrometer (SWS) [18] 
on board of the infrared space satellite (ISO)2. Here, we concentrate on those objects 
which have a C-to-O elemental abundance ratio larger than unity and are therefore ex­
pected to form carbonaceous compounds. While these objects represent sequential stages 
in the evolution of low mass stars - separated in age by typically less than 10000 yr -  their 
IR emission is actually otherwise remarkably different. The IR spectra of post-AGB ob­
jects show strong and broad 8 and 12 ^m features superimposed with weak PAH emission 
features. Most remarkably, however, the IR spectra of these sources are dominated by a 
distinct 20.1 ^m feature, which in all sources has the same peak wavelength (20.1 ^m) and 
profile [8]. Shown in Figure 4.1 is the spectrum of SAO 96709 (also known as HD 56126), 
an object showing a very strong 20.1 ^m feature. This feature is unique to the post-AGB 
phase of stellar evolution and has never been observed for objects in other evolutionary 
phases. The 20.1 feature does not correlate with any other spectral feature of these 
objects. Among the proposed identifications for the 20.1 ^m emission feature are SiS2 
grains [19,20], small diamonds [21], and urea molecules [22]. However, in no case was the 
comparison with laboratory spectra compelling or the origin and evolution of the carrier 
in this particular class of objects clarified.
4.3 R esu lts and discussion
Comparing the two spectra (Fig. 4.1), it is evident that the strong emission peak from 
the ISO observations of SAO 96709 agrees in position and width with the 20.1 peak in 
the IR spectrum of TiC clusters derived in the laboratory. In the laboratory, the profile is 
influenced by the dynamical process of light absorption while the cluster is being heated 
up by the laser. Nonetheless, any shift or broadening in the laboratory spectrum cannot 
be much greater than the bandwidth of the excitation laser («  0.1 ^m full width at half 
maximum) and is thus small compared to the total width of the peaks in Figure 4.1. In the 
laboratory experiments, the spectral structure is independent of the cluster size, at least 
in the range from 27 to 125 atoms. No experimental data on larger clusters is available, 
but the spectrum can be compared to that of bulk TiC. There, electron energy loss spec­
troscopy (EELS) shows the presence of a vibrational mode at almost the same position
2Based upon observations with ISO, an ESA  project with instruments funded by ESA  Member States 
(especially the P I countries: France, Germany, The Netherlands and the United Kingdom) and with 
participation of ISAS and NASA
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Figure 4.1: The emission spectrum from the post-AGB object SAO 96709, taken by the 
ISO satellite (upper trace, left axis) and the wavelength spectra of TiC nanocrystal clusters 
recorded in the laboratory (lower trace, right axis). Also shown is a pictorial representation 
of a typical (4x4x4 atom) TiC nanocrystal.
as observed in the IR ionization study and the ISO spectrum [23]. An emission peak of 
TiC nanocrystals can therefore be strong because crystallites of all astrophysically relevant 
sizes have similar profiles and can contribute to its intensity.
The observed flux in the 20.1 ¡im feature can be converted to a total mass of TiC grains 
around these sources using the calculated intrinsic strength of this band (600 km per mole 
for Tii4C13[24];=7 x 10-1 8  cm/Ti-atom). The main uncertainty is in the adopted tempera­
ture. For both of the two best studied 2 1  im  objects, IRAS 22272 and IRAS 07134 (SAO 
34504 and 96709, respectively), dust continuum temperatures of ^190 K and ~  80 K have 
been derived from the observed 10-20 and 60-100 im  emission, respectively [25,26]. The 
emission temperature associated with the 20.1 im  carrier is not well constrained. Repre­
senting the 20.1 im  TiC band by a single oscillator, the Planck-mean absorption efficiency 
is calculated to be about 70 cm2 g- 1  for temperatures between 100 and 500 K. Given the 
observed total fluxes and sizes measured at a wavelength of 20 im  [25,26] of IRAS 22272 
and IRAS 07134, TiC temperatures of 475 K and 265 K are calculated, independent of 
the distance (d) of these objects from earth. For comparison, for 1 im  graphite grains 
which emit efficiently over a wider wavelength range, we calculate a temperature of 120 K 
and 75 K and such grains may be responsible for the observed continuum. The calculated 
TiC temperatures translate into Ti-masses of 10- 7  (d/1kpc) 2 M0  and 9 x 10- 7  (d/1kpc) 2 
M0for IRAS 22272 and IRAS 07134, respectively. Titanium is typically depleted in these 
metal-poor post-AGB objects by a factor 2 to 10 compared to solar abundances (6.4 x 10- 6  
by mass) [12]. Adopting a Ti abundance of 10- 6  relative to H by mass, the total H mass of 
the envelopes is calculated to be 10- 1  (d/1kpc) 2 M0  and 9 x 10- 1  (d/1kpc) 2 M0 , for IRAS 
22272 and IRAS 07134 respectively. These dust estimates are consistent with those derived 
from modeling the spatial and spectral energy distribution of the continuum emission of
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these objects [25,26]. Thus, we conclude that the available Ti has been efficiently locked 
up in TiC grains in these sources. Moreover, all of this dust is still warm and close to the 
central star (~  1016 (d/1kpc) cm [25,26]) and has been ejected recently (~  500 yr).
4.4 E volution  o f low m ass stars
Our results have important implications for the understanding of the last stages of evolu­
tion of low mass stars. The Ti abundance in low mass stars is so low that high densities 
are required just to get a high enough collision rate for TiC grains to grow to the sizes 
observed in graphite stardust (~  200 A in diameter; [2]). For a typical expansion time 
scale of 100 days in the stellar ejecta, a pressure of 0.1 Pa is required. The pressure is also 
constrained by the requirement that the TiC has to condense before the graphite grains, 
in which the TiC will be trapped, form. For the observed C/O  ratios in these objects -  
only slightly larger than unity [12] -  this also implies pressures of order 0.1 Pa [2]. These 
pressures are much higher than commonly adopted (~  10-4 Pa) in theoretical models for 
nucleation and condensation of dust in AGB ejecta [2,27]. We conclude that the 20.1 im  
feature of TiC is a signature of a phase of high density and high mass loss rate. Astronom­
ical observations reveal that the 21 im  feature is not observed in AGB stars, but rather 
only during a short-lived (< 1000 yr) phase directly after the AGB phase. Therefore, we 
conclude that these TiC nanocrystals are formed during the so-called superwind phase, 
which is a phase of high mass loss where AGB stars lose the remaining stellar envelope, 
terminating their life on the AGB [28]. Our analysis shows that the mass lost during this 
superwind phase represents a substantial fraction (~  0.5 M0 ) of the initial stellar mass. 
The physical processes responsible for the superwind phase are not well understood [29]. 
However, given the metallicity pattern of these objects, this phase may coincide with a 
thermal pulse which dredges up newly synthesized material from the stellar interior and 
changes the star into a C-rich object. From the mass of TiC grains derived above, we con­
clude that about 0.5 M0 is involved in this catastrophic event and we derive a mass loss 
rate exceeding 10-3 M0 /yr. A similarly high mass loss rate during the superwind has been 
derived from the observation of highly rotationally excited CO [30] for the so-called egg 
nebula -  the only normal metallicity, post-AGB object with a 20.1 im  feature. Mid-IR 
studies of 21 im  objects reveal an axisymmetric structure for the emission which implies 
an equator-to-pole density contrast of 20 [25,26], further enhancing the densities at which 
dust condensation takes place. Examination of the stellar mass budget suggests that these 
objects cannot have lost much mass before this superwind phase. This may be related 
to the low metallicity of these objects, i.e., during the preceding phases (with C/O<1), 
insufficient oxide or silicate dust could form to drive a large mass loss. While the idea of a 
superwind terminating the AGB has been with us for some 20 years [28], mass loss rates 
estimated in the past for this event from observations of AGB objects (e.g., OH/IR stars, 
the pre-AGB-tip objects) are of an order of magnitude less (10-4 M0 /yr; [31]). Thus, the 
TiC identification suggests that rather than with a wimpy wind, low mass stars end their 
life with (almost) a bang.
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In the different sources, the 21 im  feature represents between 3 x 10-3 and 3 x 10-2 
of the total stellar luminosity. Most of the emission comes out in the mid- and far-IR 
continuum carried by large graphite or amorphous carbon particles [25,26]. This 20.1 im  
feature-to-continuum ratio is higher than one might expect from the T i/C  abundance ratio 
(~  1.5 x 10-3 by mass) in these class of objects [12]. We attribute this high ratio to the 
small size of the TiC nanocrystals. From abundance considerations, we expect graphite 
grains to grow to much larger sizes than TiC grains and such large grains are poor ab­
sorbers of stellar light on a per mass basis. While there is no direct information on the 
sizes of the grains around these objects, meteoritic graphite grains have diameters in the 
range of 0.3-9 im  while the embedded TiC grains are ~  0.02im in diameter. There is 
no sign of the 20.1 im  feature in the IR spectra of planetary nebulae (PNe), which is the 
subsequent evolutionary phase of AGB stars, or in the interstellar medium. In general, 
there is a strong spectral evolution in the IR from the AGB through the post-AGB to the 
PNe phase, reflecting destruction of the emitting dust [32]. Only the largest grains and 
their inclusions may survive this processing to be eventually incorporated into the solar 
system.
4.5 D ust nucleation  and condensation
Our laboratory studies also have implications for models of dust nucleation and conden­
sation in stellar ejecta. As in the laboratory, stable cluster intermediaries may play an 
important role in the condensation of TiC dust in astrophysical settings [33]. We suggest 
that the sequence from the 3x3x3 to the 5x5x5 atom clusters may well be the first steps for 
this process. Furthermore, we emphasize that thermal electron emission may be essential 
in the formation of such small clusters. When a growing cluster undergoes a collision with 
either a carbon or a transition metal atom, the binding energy of this atom has to be 
released from the collision complex. In low density environments, this usually happens by 
radiative relaxation. This process is, however, not very efficient and the transient collision 
complex will usually dissociate back to reactants. In species that can undergo thermal 
electron emission on the other hand, an electron can be emitted instead. The resulting ion 
is now stable towards dissociation and it can frequently recapture a free electron, each time 
having the opportunity to radiatively cool itself. In a similar vein, when a nanocrystal is 
excited by an UV photon or an energetic particle, instead of dissociation, an electron can 
be emitted, taking away energy.
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C h a p t e r  5
I R - R E M P I  o f  V a n a d i u m - C a r b i d e  
N a n o c r y s t a l s :  I d e a l  v e r s u s  T r u n c a t e d  
L a t t i c e s 1
A bstract
Neutral vanadium-carbide clusters are produced in the gas phase w ith laser vaporization 
in a pulsed nozzle source and excited w ith a free electron laser in the 400-1000 cm -1 re­
gion. Resonant multiphoton excitation induces thermionic electron emission in the isolated 
metal-carbide nanocrystals. Th is process only occurs for stable neutral clusters which re­
sist multiphoton dissociation. The species observed are cubic nanocrystals and truncated 
nanocrystals w ith  carbon vacancies at their corners. Their wavelength spectra exhibit reso­
nances associated w ith  surface phonons. The resonance shows only a weak size dependence, 
shifting from 530 cm -1 to 490 cm -1 in going from V 14C 12 to V 32C 32.
1 Adapted from: G. von Helden, D. van Heijnsbergen, M. A. Duncan, and G. Meijer, Chem. Phys. Lett. 
333, 350 (2001).
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5.1 Introduction
Atomic clusters composed of metals, semiconductors and carbon exhibit remarkable chemi­
cal and physical properties. New techniques have made it possible to prepare metal [1,2] or 
semiconductors clusters [3-5] in macroscopic amounts in solution or deposited on surfaces. 
Quantum confinement and interfacial effects produce novel properties suggesting many new 
applications. Some clusters also occur naturally, for example titanium-carbide clusters have 
recently been identified in the surroundings of dying stars [6]. The structures of condensed 
or supported clusters often adopt “nanocrystal” structures with ordered lattices. In some 
systems, the finite lattices in nanocrystals have the same symmetry as the corresponding 
bulk material, while in others the nucleation dynamics produce metastable configurations. 
However, many interesting clusters can only be produced in the low density gas phase, and 
the measurement of their properties is more problematic. Unlike condensed or supported 
clusters, the structures of gas phase clusters are the subject of much speculation. One ex­
ception to this occurs for the metal compound clusters, where “magic numbers” at certain 
cluster sizes and stoichiometries provide strong evidence for nanocrystal structures [7-10]. 
In this report, we investigate thermionic electron emission for gas phase vanadium-carbide 
nanocrystals using resonance-enhanced absorption of multiple infrared photons, a tech­
nique we denote as IR-REMPI. IR-REMPI is confirmed as a selective method to identify 
stable neutral clusters, and fascinating insights into the structures of vanadium-carbide 
nanocrystals are obtained.
Magic numbers in cluster size and composition may result from the thermodynamics 
and kinetics of cluster growth, where multiple addition, rearrangement and fragmentation 
events lead to the predominant survival of stable species. For charged clusters, the species 
produced may be measured directly in mass spectrometers. However, measurements on 
neutral clusters require their ionization for detection. This is usually accomplished with 
photoionization, in which ionization potentials, cross sections and/or fragmentation pro­
cesses provide unwanted complexity. Consequently, there is often confusion about magic 
numbers in mass spectra and the roles of neutral versus cation stability and it is generally 
not possible to determine the stability of neutrals present in a cluster distribution. A gen­
eral technique to identify stable neutral clusters is thus clearly needed.
Our initial results on several cluster systems suggest that thermionic emission via IR- 
REMPI may be a convenient technique to detect stable neutrals. In most ionization 
schemes, electronic excitations access the ionization continuum. In thermionic emission, 
however, ionization occurs by coupling highly excited vibrational levels in the ground elec­
tronic state to the ionization continuum. In many molecules, the excitation exceeds the 
ground state dissociation limit before ionization can occur, and photodissociation is effi­
cient. However, in strongly bound molecules such as atomic clusters, the ionization po­
tential may be low and the dissociation energy high. Electron emission may therefore be 
competitive with dissociation in such systems. Thermionic emission induced by multipho­
ton absorption of ultraviolet or visible radiation has been observed previously for metal 
clusters [11,12], fullerenes [13,14] and small metal-carbides [11,15,16]. In recent work, we
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have shown that thermionic emission may also be induced by infrared radiation, and that 
in the case of C60, this process only occurs on resonances in the known IR-absorption 
spectrum [17,18]. This method was then applied to titanium-carbide clusters, whose IR 
spectra were previously unknown [6,19]. Different spectra were obtained for clusters be­
lieved to have different structures, and the resonances matched theoretical predictions for 
vibrational spectra. These measurements suggest that IR-REMPI may become a general 
tool for the detection of stable neutral clusters and the measurement of their vibrational 
spectra. However, additional measurements are needed to confirm the generality and reli­
ability of the method.
Here we extend these IR-REMPI studies to vanadium-carbide clusters. Early mass 
spectroscopy studies [20-22] on Ti, V and other transition metal-carbide clusters showed 
that the mass M8Ci2+ is produced with extremely high abundance. Castleman proposed a 
cage structure with alternating metal atoms and C2 groups and coined the term “met-cars” 
to indicate these clusters. Later, Duncan and coworkers showed that larger M /C ions have 
similar high abundance [8,9]. In particular, clusters with the 14/13 stoichiometry (i.e., 
M14C13) were proposed to be fragments of a face-centered cubic (fcc) lattice [8,9] and 
termed “nanocrystals” . The initial structural assignment was supported by theory [23-25]. 
Recently, we observed thermionic emission for titanium-carbide met-cars clusters [19] and 
nanocrystals [6]. In those clusters, magic numbers were observed for the 8/12, 14/13, and 
larger nanocrystal stoichiometries, confirming that these species are stable neutral clusters. 
Nanocrystals were recognized by their (near) 1:1 stoichiometry and their correspondence to 
symmetric 3x3x3, 3x3x4, 4x4x4, etc., fcc structures. IR-REMPI spectra were very different 
for the Ti8C12 and the nanocrystal clusters, providing the first insight into their structures. 
However, the exact masses for larger nanocrystal masses for TixCy clusters were obscured 
because of the titanium isotopic distribution and the coincidence of 48Ti with four carbon 
atoms. Vanadium exhibits the same carbide cluster mass distribution as titanium in the 
previous work, but it is a single-isotope metal and precise stoichiometry measurements 
should be possible for larger clusters. These studies make it possible to investigate the 
generality of the IR-REMPI method, to compare clusters of different metals and to mea­
sure vibrational spectra as a function of cluster size.
The production of vanadium-carbide clusters is based on the mechanism described in 
Chapter 1, involving the ablation of a pure vanadium rod synchronized with gas pulses 
containing 1-5 % of methane in argon. Following vibrational excitation with FELIX, 
thermionic emission occurs for certain VC clusters, which are subsequently detected in the 
reflectron time-of-flight mass spectrometer.
5.2 R esu lts and discussion
Figure 5.1 shows the vanadium-carbide cluster mass spectrum obtained with ultraviolet 
light compared to that measured with infrared light. In Figure 5.1A, the mass spectrum
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measured with a KrF excimer laser (248 nm) is shown. The largest peak corresponds to 
the V14C13 cluster, and there are other abundant peaks at larger nanocrystal masses. This 
spectrum is consistent with those seen previously by photoionization and it is similar to 
the spectrum reported for ions sampled directly from the cluster source [8]. In Figure 
5.1B, a mass spectrum is shown that is obtained when using IR ionization and summing 
mass spectra while FELIX is scanned over the 400-1000 cm-1 region. These spectra have 
several peaks in common, with the most prominent masses corresponding to the previ­
ously noted nanocrystals. However, while the UV spectrum has many additional peaks 
at intermediate masses, the IR spectrum is much cleaner. It has prominent peaks only at 
masses corresponding exactly to nanocrystals (e.g., 14/13) or to those in the immediate 
vicinity of nanocrystal stoichiometries. In the IR spectrum, all mass peaks result from 
the multiple absorption of photons, followed by the thermionic emission of an electron. 
Spectra are taken at reduced IR fluences, and no change in the relative intensities in the 
spectrum is observed. The different peaks observed are therefore not caused by fragmenta­
tion during/after IR excitation. Thus, all masses observed must result from neutral species 
that evaporate an electron rather than a neutral fragment, i.e., species that are stable and 
resilient towards dissociation. Using UV ionization, many more mass peaks are observed, 
and there is a complex variation in relative intensities with laser power. This is proba­
bly caused by the reduced selectivity of UV ionization. Using UV ionization, all clusters 
with an ionization potential below 5.0 eV can be ionized, and multiphoton absorption and 
fragmentation may also occur. In the case of IR ionization, the ionization efficiency will 
also depend on the ionization potential - with lower IP clusters ionizing more readily - but 
in addition also on cluster stability. In less stable clusters, fragmentation occurs before 
ionization, and smaller neutrals are produced which are not detected. Thus, only the most 
stable neutral species which survive the multiphoton absorption are ionized. Unlike UV 
ionization, then, IR-REMPI is intrinsically biased to detect the most stable neutral clusters.
The largest peak in Figure 5.1B is found at a mass of 869.3 amu with an almost equally 
intense peak 12 amu lower. The cluster stoichiometries giving rise to these ion peaks are 
V14C13 and V14C12, respectively. As described previously [8,9], a cube consisting of 3x3x3 
atoms gives rise to the 14/13 composition. The peak 12 amu below may result from a 
3x3x3 nanocrystal with the central carbon atom missing. Only these two peaks are seen 
at the 3x3x3 nanocrystal size, and these are by far the most abundant species detected. 
However, weaker peaks are found at larger nanocrystal sizes, and these peaks appear in 
groups. The largest peak in each group always occurs close to the stoichiometry expected 
for crystallites with 3x3x4, 3x4x4, 4x4x4, 4x4x5, etc., atoms. The exact stoichiometries are 
verified using 13CH4 as the source of carbon. V8C12 clusters are not observed here because 
the cluster source is optimized to produce nanocrystals and the IR laser is not scanned over 
the wavelength range where M8C12 clusters have resonances [19]. Under other conditions, 
V8C12 is detected, as expected. However, no evidence is found under any conditions for 
the presence of multi-cage structures which have been proposed previously [27].
Essentially every peak in the IR-REMPI mass spectrum can be assigned to nanocrystal
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Figure 5.1: Mass spectrum obtained when ionizing vanadium-carbide clusters with UV 
(KrF, 248 nm) radiation (top) and IR radiation (bottom). The IR ionization spectrum 
shown is the result from adding up spectra while tuning the IR laser from 4GG - 1GGG cm-1.
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stoichiometries or formulas just below an exact nanocrystal. In Figure 5.2, an expanded 
view of four nanocrystal mass regions from Figure 5.1B is given. In A, the region from 
835 to 1235 amu is shown, with the peaks of V 14C13 and V14C12 off-scale. Near 1100 
amu, a second progression of peaks is observed spaced by 12  amu, starting on the high 
mass side with the very weak mass peak of V 18C18. The most intense peak corresponds 
to a structure having four carbon atoms less than 18/18, and no peaks belonging to this 
progression are observed below V 18C13. V18C 18 is exactly the composition of a crystallite 
of 3x3x4 atoms and the peaks at the lower mass can reasonably be assumed to belong to 
the same structural family. At a 50.9 amu higher mass, a V19C18 peak is observed which 
will be discussed later. In part B of Figure 5.2, the region around mass 1500 is shown, 
where two progressions of peaks are assigned. The most intense series results from clusters 
with a composition V24C24-n, which begins at n=0, reaches its maximum at n=4, and goes 
out to about n = 8 . The other series stems from V23C22-n clusters. Here, the maximum 
intensity is found at n=0 while the cluster intensity drops towards lower masses. V 24C24 
corresponds to nanocrystal clusters with 3x4x4 atoms, while V23C22 corresponds to the 
3x3x5 atom cluster. In part C, three series of peaks are assigned. The two series at higher 
masses correspond to clusters of the composition V32-mC32-n with m=0 and 1, while the 
lower mass distribution results form the V30C30-n clusters. All distributions start at n=0 
and their maxima occur at n=4 for the first two and at n=3 for the third, with n=4 al­
most equal in intensity. The two distributions starting at higher masses result from 4x4x4 
atom crystallites, while the lower mass distribution corresponds to the 3x4x5 crystallite. 
Near 2400 amu, shown in part D of Figure 5.2, the cluster distribution becomes more 
complicated. However, all peaks observed can be assigned to clusters with a stoichiometry 
V40-mC40-n. The highest mass with m=0 and n=0 is exactly the composition expected for 
a 4x4x5 atom crystallite. Again, a local maximum is observed at m=0, n=4. The overall 
maximum in this distribution occurs for m = 1 , n= 6  with another maximum occurring at 
m=2, n=5.
It is evident from Figure 5.2 that all mass peaks appear in progressions, indicating 
that the corresponding clusters do indeed belong to the same structural families. For most 
nanocrystals the ideal stoichiometry is observed, but carbon deficient clusters are often 
more abundant. Only two progressions, the one from the 3x3x3 atom and from the 3x3x5 
atom cluster, show a maximum at the ideal stoichiometry expected for these nanocrystals. 
The other progressions from the 3x3x4, 3x4x4, 3x4x5, 4x4x4 and the 4x4x5 atom clusters 
show maxima at compositions with four (three for the 3x4x5 atom cluster) carbon atoms 
less than the ideal structure. This observation is the consequence of the possible atomic 
arrangements in such crystallite clusters, and serves as further evidence for their structure. 
In the 3x3x3 clusters, two arrangements of atoms are possible. One structure contains 14 
metal and 13 carbon atoms, and the other 13 metal and 14 carbon atoms. Metal atoms 
occupy the corners of the 14/13 cube, whereas carbon atoms do so in the 13/14 structure. 
In the experiment, the 14/13 cluster is exclusively observed. The same holds for the 3x3x5 
cluster, where also only the 23/22 species, which has metal atoms at the corners, is ob­
served. In contrast to these nanocrystals which have the most intense peak at the ideal
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Figure 5.2: Expanded views of the mass spectrum shown in Fig. 2 B).
stoichiometry, the ones which show most intensity for lower masses are those which cannot 
have metal at all corners. When a crystallite contains one or more edges with an even num­
ber of atoms, the alternation of atoms requires that all corners cannot be occupied by the 
same type of atom. Instead, for the species under consideration here, four corners must be 
occupied by metal and the four remaining ones by carbon. Strikingly, all nanocrystals that 
have one or more edges with an even number of atoms show the most intense ion peak at 
a mass that corresponds to four carbon atoms less than the ideal structure. It thus seems 
very likely that those are the four carbon atoms that normally would occupy the corners of 
the crystallite. This suggests that it is intrinsically unfavorable to have carbon atoms at the 
corner sites of these nanocrystals. Truncated nanocrystals without these carbon atoms are 
apparently produced. While metal isotope distributions precluded a clear picture of this 
for titanium-carbide clusters, those masses which could be measured were consistent with 
a similar formation of carbon-deficient nanocrystals for even-dimension species [6,8,19].
The instability for carbon at corner sites is understandable. Because these sites al­
low only partial binding and strain occurs in the bonds, the bonding for either vanadium 
or carbon atoms will be less favorable here than it is for edges, faces or the interior. A 
difference between carbon and vanadium is, however, that vanadium uses d-electrons in 
its binding. This makes it more flexible, and vanadium is therefore expected to tolerate 
the strain at the corners better than carbon. Related to this, nanocrystal structures for 
titanium-carbide cluster anions have been proposed in which carbon atoms at the corners 
are replaced by C2 units [28]. Some clusters here also are missing one vanadium atom. 
Most likely, the vanadium vacancy is then at one of the corners of the crystallite. There
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appears to be a tendency for additional carbon vacancies when there is such a vanadium 
vacancy.
An interesting case is the VisCig 3x3x4 atom nanocrystal. Here all four carbon corner 
atoms are located on the same 3x3 atom face of the crystal. The maximum ion inten­
sity results from the cluster that has four carbon atoms less than the ideal structure. If 
our structural hypothesis is correct, then his cluster has only one carbon atom on that 
face. Interestingly, at the mass corresponding to that of the cluster lacking five carbon 
atoms, a discontinuity is observed in the mass spectrum - no mass peaks belonging to 
this series are observed to lower masses. It thus seems reasonable that those five carbon 
atoms are all missing from this one face. The peak that corresponds to the perfect 3x3x4 
atom nano-crystal is rather weak. However, a more intense peak is observed exactly one 
vanadium mass higher. One can speculate that this V19C18 peak results from a 3x3x4 
atom nanocrystal where the face with the four carbon atoms at the corners is capped by a 
vanadium atom, which apparently stabilizes the otherwise loosely bound carbon atoms on 
this face.
While these mass spectra provide circumstantial evidence about cluster structures, ad­
ditional information can be found in the wavelength dependence of the IR-REMPI signal. 
For titanium-carbide clusters, it was shown that T i14C13 has its main resonance near 500 
cm-1 [19], and that its peak positions agree very well with the IR active surface phonon 
modes of bulk TiC [29]. If these clusters are indeed ideal or truncated nanocrystals, they 
should have similar resonances. However, Ti8C12 and Ti8C11 clusters, which were calcu­
lated to have caged structures with surface C2 groups, have resonances near 1400 cm-1
[19]. To investigate these structural possibilities further, we recorded wavelength spectra 
for each peak in the mass spectrum. Figure 5.3 shows these spectra for selected clusters. In 
part A), the spectra of the V14C13 (3x3x3) and V14C12 (3x3x3-C) cluster are shown. Both 
have strong resonances near 500 cm-1, but no resonance near 1400 cm-1. The two peaks 
clearly occur at different positions, with the peak of V14C12 being shifted about 20 cm-1 to 
the blue, compared to V14C13. Similar spectra are obtained for all the larger clusters. In
B), the wavelength spectrum of the 3x3x4 clusters is shown. Analyzing the spectra of the 
three strongest mass peaks is this series showed that these spectra are indistinguishable 
and the sum of these three spectra is therefore shown. The peak is shifted several cm-1 
to the red compared to the 3x3x3 peak. In C) and D), the wavelength spectrum of the 
3x4x4 and 4x4x4 series are shown. Again, the spectra from individual masses are found 
to be indistinguishable and are added up. A gradual shift of the peak positions to the red 
is again observed going from the small clusters to these larger ones. However, the most 
telling information about these spectra is their similarity. All clusters have resonances 
near 500 cm-1, just as we found for the titanium-carbide nanocrystals. Surface phonon 
spectra for VC are not available for comparison, but the similarity to the TiC surface 
phonons is probably not a coincidence. Furthermore, these clusters have no resonances at 
higher frequencies characteristic of surface C2 groups. It thus is very reasonable to assume 
that all clusters observed here are either nanocrystals or crystallite structures related to
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Figure 5.3: Ion yield on specific vanadium-carbide cluster masses as a function of IR laser 
frequency. Shown in A) is the spectrum of 3x3x3 and the 3x3x3 - 12 amu cluster. In B),
C) and D) the spectra of the 3x3x4, 3x4x4 and 4x4x4 atom clusters are shown.
those of the ideal nanocrystals. Vanadium-carbide nanocrystals thus have spectra similar 
to those for titanium-carbide. Truncated nanocrystals have essentially the same spectra 
in this wavelength region as the corresponding ideal structures, and there is only a weak 
size-dependence for nanocrystals of different sizes.
The similarity of spectra for different sized nanocrystals may seem surprising at first 
glance. It seems odd that clusters with 27 atoms (i.e., 3x3x3) would have the same spectra 
as clusters up to 64 atoms (4x4x4). However, it is important to note that this measurement 
does not cover the entire IR spectrum. It covers only the region above 400 cm-1, where 
relatively high frequency modes are detected. Ab-initio calculations for the M14C13 cluster 
indicate that these modes represent metal-carbon stretching vibrations on the surface of 
the cluster [30]. Since all of these clusters have essentially only surface atoms (e.g., the 
4x4x4 64-atom cluster has only eight interior atoms) and the surface atoms are in very 
similar binding sites on all clusters, it is understandable that the surface modes would 
have strong intensity and similar frequencies for all sizes of these nanocrystals. Likewise, 
truncated nanocrystals have lost carbon atoms, but those which remain are in the same 
kind of structural sites. Size dependent spectra may be found in the lower frequency region, 
and this will be the subject of future experiments.
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5.3 C onclusion
The results shown demonstrate the use of a tunable IR laser as an unusual but powerful 
ionization source for gas phase clusters. Using IR radiation, only stable neutral clusters 
are ionized. Here, this technique is used to investigate stable structures of vanadium- 
carbide clusters. In contrast to previous suggestions about nanocrystal structures, we find 
in vanadium-carbides that truncated lattices with carbon vacancies are more stable than 
ideal ones with carbon atoms on the corners. The structural patterns described here are ob­
served for titanium-carbide clusters as well. There, the interpretation of the mass-spectra 
is complicated by the wide isotope distribution of titanium together with the coincidence 
of the mass of the most abundant titanium isotope with the mass of four carbon atoms. 
In both cases it is observed that the number of carbon atoms in the crystallites is equal or 
less than the number of metal atoms. Interestingly and possibly related, it is well-known 
empirically that solid vanadium and titanium-carbide always appear as carbon deficient 
structures[31].
The IR-REMPI spectra of these vanadium-carbide nanocrystal clusters are in many 
ways similar to those measured for titanium-carbide clusters. Both systems exhibit reso­
nances near 500 cm-1 for all nanocrystal sizes which can be associated with bulk surface 
phonons. In titanium-carbide, no size dependence can be detected in the spectra, but in 
vanadium-carbide a slight red-shift is seen toward larger nanocrystal sizes. However, there 
is no discernable difference between the spectra for truncated nanocrystals missing differ­
ent numbers of corner carbon atoms and their corresponding ideal structures.
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C h a p t e r  6
S t r u c t u r e  D e t e r m i n a t i o n  o f  G a s  
P h a s e  N i o b i u m -  a n d  
T a n t a l u m - C a r b i d e  N a n o c r y s t a l s  v i a  
I n f r a r e d  S p e c t r o s c o p y 1
A bstract
Niobium and tantalum-carbide clusters have been isolated in the gas phase and irradiated 
with intense tunable infrared (IR) light. Stable neutral clusters are selectively ionized and 
subsequently detected in a mass spectrometer. By tuning the IR frequency, infrared multi 
photon absorption spectra are obtained for a whole range of clusters. These mass-selective 
IR spectra lead to insights into the structures of small niobium- and tantalum-carbide 
clusters and nanocrystals.
1 Adapted from: D. van Heijnsbergen, A. Fielicke, G. Meijer, and G. von Helden, Phys. Rev. Lett. 89, 
013401 (2002).
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6.1 Introduction
Gas phase metal-carbide clusters appear in a variety of stoichiometries and with different 
structures. Most of the knowledge on their structures and building principles has been ob­
tained from the analysis of mass spectral abundance patterns. Proposed structures range 
from the cage-like met-car structure for the unique M8C i2 stoichiometry to cubic lattice 
structures, which are suggested to be similar to the bulk structures of carbides [1, 2, 3, 4, 5]. 
To get more direct information on the structure of metal-carbide clusters, different experi­
mental methods have been applied, such as photo fragmentation [3, 6], photo ionization in 
combination with quantum chemical calculations [7, 8, 9], or gas phase ion chromatography 
[10, 11]. Reactions with chlorine, oxygen, carbon monoxide and various organic molecules 
can be used to probe the coordination of the “surface” atoms of the clusters [12, 13, 14]. 
Recently, we reported the application of the infrared resonance enhanced multiphoton 
ionization (IR-REMPI) technique to obtain vibrational spectra of the titanium met-car 
Ti8Ci2 [15] as well as of small titanium and vanadium-carbide nanocrystals starting with 
the M14C13 stoichometry [16, 17].
For niobium-carbide clusters it has been shown previously, that the relative abundance 
of the different cluster types, either met-car or nanocrystalline structures, is very sensitive 
to the formation conditions [3, 18]. In comparison, for the carbide clusters of the heavier 
homologue of niobium, tantalum, it has been suggested that the cubic structures are pre­
ferred [4]. Recently, small tantalum-carbide clusters up to Ta6C7 have been investigated 
by Heaven et al. [9] using multiphoton ionization. On the basis of accompanying DFT 
calculations for Ta4C4, a distorted cubic shape with C2v symmetry is proposed [9], while 
for Nb4C4 a nearly perfect cube with T d symmetry is predicted by Harris et al. [19]. In 
contrast to these calculations, the reaction of Nb4C4 with O2 results in loss of two carbon 
atoms, which led to the proposal of a cubic structure containing Nb2 and C2 units instead 
of an alternating Nb and C atoms order [13].
Niobium- and tantalum-carbide clusters are produced in a molecular beam as described 
in Chapter 1, involving the ablation of a pure niobium or tantalum rod synchronized with 
gas pulses containing 1-5 % of methane in helium. Although the use of helium shortens the 
interaction time with FELIX, cluster growth of these niobium-carbide and niobium-oxide 
species is greatly reduced when seeded in argon. Following vibrational excitation with 
FELIX, thermionic emission occurs for certain clusters, which are subsequently detected 
in the reflectron time-of-flight mass spectrometer.
6.2 N iobium -carbide results
The mass spectrum in Fig. 6.1 shows the niobium-carbide cluster ion distribution that has 
been obtained by IR multiphoton ionization. For this, 120 individual mass spectra out 
of the 400-770 cm-1 range have been integrated. Surprisingly, a whole series of specific
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Figure 6.1: Thermionic emission mass spectrum of niobium-carbide clusters after excitation 
with infrared light. Averaged spectrum over the 400-770 cm-1 region.
masses is observed, and the stoichiometry of the corresponding ions can be unambiguously 
identified. The prominent peaks in this mass spectrum are accompanied by a set of two 
numbers, indicating the number of niobium and carbon atoms, respectively. Throughout 
this paper we use the notation (x, y) to indicate the cluster MxCy. Mass peaks are observed 
to occur in groups with the most intense peak in each group occurring near a metal to 
carbon ratio of 1. Within such a group, peaks are spaced by 12 mass units corresponding 
to one carbon atom. The cluster with the highest intensity is Nb14C13. Prominent cluster 
peaks with such a stoichiometry have been observed before for niobium and other metals. 
There is strong evidence that the (14,13) cluster belongs to a family of nanocrystals where 
the metal and carbon atoms are arranged in a similar fashion as in the face centered cubic 
(fcc) lattice of bulk NbC. Nb14C13 is the 3 atoms by 3 atoms by 3 atoms (3 x 3 x 3) member 
in the family. For clusters larger than (14,13), the observed mass peaks can be explained 
by fcc crystallite structures as well. The overall intensity pattern in the mass spectra shows 
series after which the relative intensity drops. These drops occur approximately after sig­
nals corresponding to (18,18), (24,24), and (32,32) clusters coinciding with geometrical 
shell closings of 3 x 3 x 4, 3 x 4 x 4, and 4 x 4 x 4 cuboids, respectively. Further cluster 
intensity drops are observed behind (40,40) and (50,50), which correspond to 4 x 4 x 5 and 
4 x 5 x 5 nanocrystals.
The high signal intensity of the (14,13) cluster can be caused by several different as­
pects. Besides the abundance in the molecular beam, the efficiency of the IR multiphoton 
absorption process as well as of the ionization process are important. The efficiency of 
the multiphoton absorption process is determined by the anharmonicity of the mode, the 
bandwidth and the wavelength of FELIX. The ionization process is influenced by the value 
of the IP relative to the cluster’s fragmentation energy. According to recent calculations 
carried out by Harris et al. [19], Nb14C13 has a rather low ionization potential of 3.9 eV,
66
6.3 Tantalum-carbide results
while the binding energy per atom (D0) exceeds 6 eV.
For titanium and vanadium, the smallest nanocrystalline cluster observed using IR- 
REMPI is (14,13). Surprisingly, peaks corresponding to masses lower than that of (14,13) 
are observed in the case of niobium-carbide. The lowest peak observed corresponds to 
Nb4C4. Looking at ions that are emitted from a cluster source, Nb4C+ has been identified 
before and is suggested to be the smallest (2 x 2 x 2) cubic crystal [3]. Exchanging one 
carbon atom for a niobium atom results in Nb5C3.
By tuning FELIX’s wavelength while monitoring the mass selected ion yield, the in­
frared spectra of the clusters can be obtained. In the present experiment FELIX is tuned 
from 370 to 1650 cm-1 and the infrared spectra of all stable clusters shown in Fig. 6.1 are 
measured simultaneously. In Fig. 6.2 the infrared spectra of selected masses are shown. 
Above 760 cm-1, the ion yield is low and shows no clear wavelength dependence. A single 
broad resonance is observed for the smallest two clusters, (4,4) and (5,3) with the max­
ima at 675 cm-1 and 660 cm-1, respectively. This resonance narrows significantly when 
going to (6,6) and (9,9) and shifts to 680 cm-1 for (9,9). Following the evolution of this 
peak to larger clusters, a gradual shift to 630 cm-1 is observed and the intensity of this 
peak decreases with increasing cluster size. A new peak is observed for the (9,9) cluster 
at 520 cm-1. This peak is very weak for the (9,9) cluster but becomes dominant at about 
(14,13). Its position shifts continuously from 505 cm-1 for (14,13) to 480 cm-1 for (50,50). 
The infrared spectra of Nb14C13 and the larger clusters are very similar. The two modes 
are observed for up to at least (32,32). However, the mode around 650 cm-1 becomes very 
low in relative intensity.
6.3 Tantalum -carbide results
The mass distribution of ionized tantalum-carbide clusters, obtained by IR multiphoton 
ionization averaged over the 400-770 cm-1 range, is shown in Fig. 6.3. The cluster distri­
bution is similar to the one observed for niobium-carbide with the maximum corresponding 
to the (4,4) cluster and intensity drops behind the signals assigned to the (14,13), (18,18), 
and (24,24) clusters, which are again consistent with geometrical shell closings of cubic 
nanocrystals. Infrared spectra of tantalum-carbide clusters are presented in Fig. 6.4. The 
spectra exhibit two absorption bands, one that shifts slightly from 505 cm-1 towards 
480 cm-1 with increasing cluster size and the second around 670 cm-1. Apart from the ex­
act peak positions, the spectra appear to be similar to the corresponding niobium-carbides: 
the 670 cm-1 absorption is dominant for the clusters up to (9,9) when the second band 
at 505 cm-1 begins to grow in. For larger clusters (up to (24,24)) both bands exhibit 
comparable intensities.
The experimental spectra of the clusters presented here can be compared to theory as 
well as to data available for the bulk phase. Recently, vibrational spectra of small niobium-
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Figure 6.2: Infrared spectra for several NbxCy clusters, indicated as (x,y). Except for the 
(5,3) all clusters may be viewed as parts of a fcc lattice. The two dashed lines indicate 
the frequencies of optically active surface vibrational modes of fcc NbC (100) measured by 
EELS [22].
carbide clusters have been calculated by Harris and Dance [19]. For the Nb4C4 cluster, a 
cubic ground state is found and intense IR active modes are predicted at 671, 588-611,
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Figure 6.3: Mass distribution of TaxC+ cluster ions formed via thermionic emission. The 
mass spectrum has been integrated while FELIX is tuned through the 400-770 cm-1 region.
440 and below 280 cm-1. In comparison, the experimental spectrum in Fig. 6.2 shows only 
one broad band centered at 675 cm-1. For the Nb6C6 cluster, bands are predicted at 702, 
607-631, 487 cm-1. Also for this cluster, the experiment shows only one (broad) band 
around 665 cm-1 . The vibrational frequencies of Ta4C4 have been calculated as well and 
more than 10 modes have been found in the 300-800 cm-1 region [9]. Unfortunately, the 
relative intensities of the modes are not reported, which makes a direct comparison to the 
experimental data difficult.
6.4 D iscussion
Since IR-REMPI relies on multiple photon absorption, the ion yield depends on cluster 
parameters, such as vibrational anharmonicity and internal vibrational redistribution rates
[21]. This may be one reason for the disagreement between experimental infrared spectra 
and theory. Another possible explanation is that the small clusters in our experiment have 
a different structure than predicted on the basis of the DFT calculations. An alternative 
Nb4C4 isomer has been suggested by Deng et al. [13], in which C2 units are present. From 
the infrared spectra shown here, there is no evidence for the presence of such an isomer. If 
it contains C=C units like in the met-cars, a strong signal would be expected in the C=C 
stretch region. For met-cars, this vibration corresponds to intense absorption in the 1200­
1400 cm-1 range, e. g. for Ti8C12 at 1395 cm-1 [15]. Since none of the presented clusters 
shows IR active modes higher than 800 cm-1, that contradicts the proposed existence of 
C2 units in the cluster structures, but supports the presence of isolated C atoms.
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Figure 6.4: Infrared multi photon absorption spectra of selected TaxCy clusters. The 
frequencies of optical active EELS bands of the TaC (100) surface are marked by the 
dashed lines [22].
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Both niobium as well as tantalum-carbide are metallic in the solid. Their IR spectral 
properties are thus difficult to determine. However, Electron Energy Loss Spectroscopy 
(EELS) gives information on optically active (surface) phonon modes of these materials. 
In Fig. 6.2 we show also the positions of the EELS bands of the (100) surface of fcc NbC
[22]. Two IR active bands have been identified, centered at 490 and 635 cm-1. For fcc 
TaC (see Fig. 6.4), the position of the EELS peaks for the (100) surface are slightly shifted 
in comparison to NbC to 465 cm-1 and 660 cm-1, respectively [22].
Considering the enormous difference in dimensions and phase, the agreement between 
the gas phase spectra of small niobium- and tantalum-carbide nanocrystals and the EELS 
spectrum of the bulk material with the fcc structure is striking. Although the infrared 
modes observed experimentally are undoubtedly envelopes of a set of modes, detailed 
analysis of the data can unravel some basic properties about the nature of these modes.
Characteristic surface-localized optical modes of rock-salt structured crystals were found 
before by Wallis et al. [23] and by Lucas [24] for NaCl (100). The “Wallis”-mode is associ­
ated with out-of-plane vibrations (i.e. perpendicular to the surface), and the “Lucas”-mode 
with in-plane vibrations (i.e. parallel to the surface). Similarly, Oshima et al. [22] assigned 
the modes in their EELS spectra as the motion of the light carbon atom parallel (higher 
frequency) or perpendicular (lower frequency) to the surface. Obviously, it is difficult to 
transfer such concepts to small clusters, where most atoms are located on corner or edge 
positions. Nonetheless, it is striking to see how the low frequency mode is negligible or not 
present at all for small clusters, but starts growing for the (9,9) cluster and becomes the 
dominant mode for clusters larger than (14,13). This trend is accompanied by an increas­
ing mean coordination number of the carbon (and the metal) atoms.
The sudden growth of the low frequency band at about 500 cm -1 is connected with the 
transition from a two-layered to a three-layered structure between the 2 x 3 x 3 (9,9) and 
the 3 x 3 x 3 (14,13) clusters. This structure-related change of the IR spectrum allows the 
analysis of the geometry of intermediate clusters. For example, since the spectrum of the 
(12,12) cluster resembles the spectrum of the (14,13) rather than that of the (9,9) cluster, 
it is most likely that its structure is not the 2 x 3 x 4 cuboid but a defective (14,13) cube, 
missing one carbon and two metal atoms (possibly one row on an edge of the cube). In 
general both components, the metal and carbon atoms, prefer a filled coordination sphere. 
Therefore, the defective cube structure should be preferred, because of the higher mean co­
ordination number in comparison to the flat 2 x 3 x 4 cluster. Based on the (14,13) cube, its 
defect structures may also contain a central carbon atom coordinated by six metal atoms. 
Possibly, the appearance of the 500 cm-1 band is connected to this structural element. In 
an analogous way, the spectral properties of the (10,11) cluster suggest its existence in the 
form of a 3 x 3 x 3 cube with two missing edge-rows. In these cases, the IR spectra directly 
indicate which types of isomers are preferred in the growth mechanism of metal-carbide 
nanocrystals.
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6.5 C onclusion
The results shown here demonstrate the potential that infrared spectroscopy of gas phase 
clusters has when combined with mass selectivity. The patterns observed in the thermionic 
emission mass spectra of niobium- and tantalum -carbide clusters indicate geometric shell 
closings of cubic nanocrystals. Consistent with this, large clusters show IR spectra in which 
the optical surface phonons of the bulk can be clearly recognized. A clear break can be 
observed around M10C11, as smaller clusters have pronouncedly different IR spectra. These 
differences might be attributable to a transition from a two-layered (2 x 3 x 3) to a three- 
layered (3 x 3 x 3) cluster structure. More elaborate theoretical calculations are needed to 
clarify this. The recent structural identification of Ti8C12 [25] showed that experimental 
IR spectra of gas phase clusters are a fruitful basis for such calculations.
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A bstract
G as phase zirconium-oxide clusters are resonantly excited using infrared (IR) radiation 
from a free electron laser. At sufficiently large excitation fluences, clusters w ith a com­
position ZrnO 2n-1 are observed to  therm ally  em it electrons. Scanning the  IR  wavelength 
while m onitoring the  ion yield gives IR  spectra  of the  clusters. For all clusters, resonances 
are observed between 600 cm -1 and 700 cm -1 and the  spectra  are alm ost independent of 
cluster size.
1 Adapted from: G. von Helden, A. Kirilyuk, D. van Heijnsbergen, B. Sartakov, M. A. Duncan, G. 
Meijer, Chem. Phys. 262, 31 (2000).
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7.1 Introduction
The structures and properties of small clusters or nanocrystals of materials can differ sig­
nificantly from those of the bulk. For some materials, larger (tens of nm) size grains can 
be produced in bulk quantities and their properties can be studied using the standard 
tools available for structural analysis. Complications, however, arise due to surface con­
taminations of those grains and the unavoidable fact that those grains are produced in a 
distribution of sizes. Smaller clusters, containing up to several hundred atoms, can be pro­
duced via laser vaporization techniques and then studied in the gas phase. The attainable 
particle densities are however usually low. Most crystallographic or spectroscopic tech­
niques can therefore not be applied to those species. Most information on the structure of 
small clusters stems from analyzing size distributions in mass spectra, chemical reactivity 
experiments, ion mobility studies and photoelectron spectroscopy [1]. We recently applied 
IR-REMPI spectroscopy [2] to strongly bound TiC [3, 4] and VC [5] clusters. Here, we 
will present results from experiments on zirconium-oxide clusters.
Due to the exceptional properties of ZrO2, the structure of its bulk phase and of small 
particles are the focus of an intense research effort. The melting point of ZrO2 is around 
3000 K, its hardness is exceptional and it can be an ionic conductor, leading to widespread 
applications in industry. The crystal structure of bulk ZrO2 is complicated by three dif­
ferent structural phases that, depending on pressure, temperature and composition, can 
exist. For bulk ZrO2, the stable phase at room temperature has a monoclinic structure. 
Interestingly, small particles of ZrO2 with a radius of < 150 A[6] are stable in the higher 
symmetry tetragonal phase. Small anionic clusters of zirconium-oxide have been stud­
ied in the gas phase [7]. The clusters observed contained up to nine Zr atoms. Their 
composition deviates significantly from that of the bulk with the number of oxygen atoms 
for all clusters with more than one Zr atom being more than twice the number of Zr atoms.
For the study of ZrO2 bulk and small particles, IR spectroscopy is often used. In order 
to study small gas phase clusters of ZrO2, conventional IR spectroscopy is not suited due 
to its lack of sensitivity and species selectivity. A method to obtain IR spectroscopic in­
formation on small clusters is IR-REMPI spectroscopy. In this technique, neutral clusters 
are irradiated with a long pulse of intense IR radiation. When the excitation wavelength 
is resonant with an IR active vibrational mode of the cluster, the absorption of very many 
photons can take place [2]. The resulting “superheated” cluster can now either dissoci­
ate or evaporate an electron via thermionic electron emission. For thermionic emission 
to occur, a prerequisite is that the cluster is strongly bound and has a low ionization 
potential. Thermionic electron emission following IR excitation has been observed to oc­
cur for fullerenes [2 , 8], TiC [3, 4], VC [5] and some other transition and main group 
metal-carbides, -oxides and -nitrides. To obtain IR spectra, mass spectra are recorded as 
a function of excitation wavelength. The intensity of a particular mass peak as a function 
of IR wavelength then gives the IR spectrum of the corresponding cluster.
Zirconium-oxide clusters are generated with the same technique used throughout this
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Figure 7.1: Mass spectra of zirconium-oxide clusters at different excitation fluences. The 
excitation frequency is 640 cm-1. All peaks observed result from ions having a composition 
ZrnO+n -i. At higer powers, the distribution shifts to smaller clusters.
thesis. The ablation of a pure zirconium rod is synchronized with gas pulses from a pulsed 
valve, containing 5 % of molecular oxygen in argon. The neutral clusters are irradiated 
with FELIX, leading to ionization of certain stable stoichiometries. The ions are subse­
quently detected in the reflectron time-of-flight mass spectrometer.
7.2 R esu lts
In Fig. 7.1, mass spectra of zirconium-oxide clusters are shown when irradiating the cluster 
beam with FELIX at a wavelength of 640 cm-1.
Four mass spectra are shown taken at different laser powers resulting from different 
levels of attenuation of FELIX. All peaks observed result from ions having a composition 
ZrnO+n-1. At the highest IR laser power (bottom trace), the distribution has the most 
intense peak for ZrgO+5; the peaks for ZrO+ and Zr2O+ have a larger amplitude, but their 
integrated intensity is less than that for ZrgO+g. At the high mass side of ZrgO+g, the 
peaks decrease in intensity with a characteristic pattern. The peaks for Zr1oO+9, Zr13O+5 
and Zr15O+ are for example always observed to be relatively strong while peaks for Z^O+7, 
Zr11O+1, Zr14O+7 and Zr16O+1 are weaker. When the FELIX power is reduced, the distri­
bution shifts to higher masses. At an attenuation of 3 dB (50%), the peak for Zr15O+g 
becomes about equal in strength to the peak for ZrgO+g and at even lower FELIX pow­
ers, Zr15O+g becomes the dominant peak. The characteristic relative intensity patterns 
described above are observed at all IR powers.
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Figure 7.2: IR spectra of several zirconium-oxide clusters. For the larger clusters the IR 
spectrum shows the presence of at least two features, one located at 620 cm-1 and one at 
680 cm-1.
The intensity of all peaks can be measured as a function of IR wavelength to obtain IR 
spectra. In Fig. 7.2, IR spectra of several clusters are shown.
The lowest trace is the spectrum measured for ZrO. It consists of a broad feature around 
640 cm-1. As discussed below, this feature is, however, not due to the absorption of ZrO 
but rather due to fragmentation of larger clusters; ZrO has a known vibrational frequency 
of about 900 cm-1 [10]. For the larger clusters Zr8O15, Zr15O2g and Zr20O3g, the IR spec­
trum shows the presence of at least two features, one located at 620 cm -1 and one at 680 
cm-1 . Both of those features appear to consist of more than one peak. For larger clusters 
such as Zr26O51 and Zr32O63, the two features seem to merge to one broad peak. Similar 
spectra have been taken for all clusters with sizes between ZrO and Zr32O63 and all those 
spectra follow the size trends that are indicated in Fig. 7.2. Further, it is observed that 
the shape of the spectra does not depend significantly on the FELIX powers used. In the 
experiment, the range from 350-1800 cm-1 is scanned. For all clusters, however, signal is 
only observed in the range shown here.
In Fig. 7.3, the amount of the ions in Fig. 7.2 is shown as a function of FELIX fluence. 
The fluence is changed by inserting fixed value attenuators in the IR beam which results 
in a simultaneous attenuation of fluence and power. For all ions, a strong dependence on 
IR fluence is observed. This dependence is stronger for smaller ions than for larger ions.
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Figure 7.3: The dependence of the ion signal of some clustes as a function of the IR laser 
fluence.
Reducing for example the fluence from a nominal value of one to 0.16 gives a drop in signal 
for Zr32O63 of about only a factor of ten while for ZrO or Zr8O15, the drop is between 
2000 and 3000. The dependence of the observed ion signal on the fluence is however only 
indirectly connected to the power/fluence dependence of the excitation and ionization pro­
cess. Several other important factors also strongly influence the dependence of the ion 
signal on fluence. The focussed laser beam, for example, has a near Gaussian beam profile. 
Increasing the laser fluence will thus not only increase the fluence in the center but also on 
the edges, allowing more molecules to be excited above the threshold for autoionization. 
A further complication might be increased fragmentation of clusters at higher fluences, a 
point that will be discussed later.
7.3 C alculations
Structures of ZrnO2n with 1 < n < 4 are calculated at the ab initio level. The calculations 
are performed with the B3LYP method using the lacvp* effective core potential basis [11] 
set as implemented in Gaussian98 [12]. In Fig. 7.4, 7.5 and 7.6, structures for n=2,3 
and 4 are shown. Binding energies are relative to n ZrO2 units, of which the energy is 
calculated to be -197.0535 Hartree. A singlet spin state is assumed for all structures. For 
ZrO2, a C2v structure with a bond angle of 107.2 degree and a bond length of 1.79 A is 
calculated. The two vibrations of Ai symmetry are at 307 and 946 cm-1 and the B2 mode 
is at a frequency of 897 cm-1. Their IR intensities are 8, 38 and 271 km/mole, respectively.
Two different stable isomers are found for the Zr2O4 molecule. Their geometry and IR
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Figure 7.4: Calculated structures and IR spectra of Zr2O4 clusters.
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spectra are shown in Fig. 7.4. Both structures consist of a four membered ring with the re­
maining two oxygen atoms being either in a cis or trans configuration, having C2v and C2h 
symmetry, respectively. Their energies are very comparable, with the trans configuration 
slightly lower due to less electrostatic repulsion between the two free oxygen atoms. The 
IR spectra of both isomers are very similar as well. The modes around 600 cm -1 originate 
from motion within the four membered ring and the modes around 900 cm-1  result from 
Zr-O stretch motion from the free oxygen atoms.
As the number or Zr atom increases to three, the number of different stable isomers 
increases to (at least) five. Their structures, energies and IR spectra are shown in Fig. 7.5. 
The lowest energy structure consists of three connected four membered rings with two loose 
oxygen atoms. As in other structures as well, Zr-O stretching motion of a singly bonded 
oxygen atom gives rise to IR active modes between 900 and 1000 cm-1 . The connectivity 
in the lowest energy structure of Zr3O6 has remarkable similarities to the structure of bulk 
ZrO2. A general theme observed for all structures besides the Cs ring is the formation of 
Zr-O-Zr-O four membered rings, which are also present in bulk ZrO2. Motion in those four 
membered rings, that are present in the first two and the last two structures, results in IR 
active modes between 600 and 800 cm-1.
Six different stable isomers with relative energies within 3.5 eV are found for Zr4O8. 
All structures, besides the ring structure with the highest energy, show the formation of 
Zr-O-Zr-O four membered rings. As in the case of Zr3O6, motion in those rings gives rise 
to strong IR resonances. In all clusters that have those rings, those resonances are found 
between approximately 600 and 700 cm-1 , with the exception of the cubic (Td) structure 
where motion in the rings gives rise to a triply degenerate mode at 526 cm-1 . Stretching 
motions of oxygen atoms that are only bound to one zirconium atom causes IR active 
modes that are found for all structures to be above 900 cm-1.
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7.4 D iscussion
In the mass spectrum, only clusters with a composition ZrnO+n_1 are observed. This could 
be due to a variety of factors: a) our cluster source could be producing only species with 
such a stoichiometry, b) their IR absorption cross section might be significantly higher, c) 
they could be much more stable than clusters with other compositions or d) their ioniza­
tion potential (IP) could be smaller that that of other clusters. The option d), that the 
IP is much smaller than that of other clusters, seems the most likely possibility. The IPs 
of zirconium-oxide clusters are not known. Information is however available for zirconium- 
monoxide and-dioxide, where the IPs for ZrO and ZrO2 are measured to be 6.0 eV [13] and
9.4 eV[13], respectively. From ab initio calculations, a charge on the zirconium atom of 
about +2 is derived [14] in solid ZrO2. It is thus very reasonable that clusters missing one 
oxygen atom have a significantly lower IP and the IPs of zirconium-monoxide and -dioxide 
might give good zeroth order values for the IPs of ZrnO2n-1 and ZrnO2n, respectively.
Zirconium-oxide (clusters) are very strongly bound species. It takes approximately 8 
eV to remove a ZrO2 unit from bulk ZrO2 [15], and the binding energy of gas phase ZrO is 
7.89 eV. Interestingly, this 7.89 eV is higher than the IP of ZrO. The binding of an oxygen 
atom to ZrO is 6.5 eV. Again, those values might be good zeroth order approximations for 
the corresponding values of the clusters. When the clusters are excited by IR radiation, 
the following processes could happen:
Z rn0 2n
+U.ÜBV ----------- ¥ Z rn0 2n-1 +  0 (7.1)
+8eV ----------- ¥ Z rn -10 2(n-1) +  Z r 0 2 (7.2)
+9.4eV ----------- ¥ ZrnO+n +  e- (7.3)
Z rn0 2n-1
+6.0eV ----------- ¥ Z rn ° 2n-1 +  e- (7.4)
+6.5eV ----------- ¥ Z r n02n-2 +  0 (7.5)
+8eV ----------- ¥ Z rn -10 2(n-1)-1 +  Z r 0 2 (7.6)
+6-8eV ----------- ¥ Z rn -10 2(n-1) +  Z r 0 (7.7)
The energies required are derived from those of the zirconium-monoxide and -dioxide 
and the bulk. A value for (7.7) is difficult to estimate, however, it is expected to be in 
the range of 6-8 eV. Apparently, the clusters follow the lowest energy route and the only 
process observed that leads to charged particles is process (7.4), the electron emission from
ZrnO2n_l.
At high fluences, the mass distribution is observed to shift to lower masses. Possible 
explanations for this observation are that either the lower mass clusters need more light 
to be efficiently excited or that larger ions are initially generated but then fragment by 
further absorption of IR light. Even at the very high fluences, only cluster ions with the
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composition ZrnO+n_ 1 are observed. In the scenario that the observed distribution is due 
to fragmentation of larger clusters, this fragmentation thus has to occur via sequential 
evaporation of ZrO2 units. The loss of a single ZrO2 unit costs about 8 eV and it therefore 
seems unlikely that much more than one unit could be lost, even at the high fluences. It 
therefore seems more reasonable that the distribution shifts to lower masses because the 
smaller clusters need more light to be efficiently excited and ionized. This is then due 
to smaller absorption cross sections, larger anharmonicities and possibly higher IPs. The 
observed fluence dependence of the signal (Fig. 7.3) supports this hypothesis. Another 
possibility is that the high fluences induce first the loss of an oxygen atom from Zr2O2n 
(process (7.1)) and then electron emission from that cluster (process (7.4)). If this sequence 
should occur, the emission of an O_ ion from Zr2O2n should be occurring as well, since it 
is lower by 1.46 eV (the electron affinity of an oxygen atom) compared to the combined 
process (7.1) and (7.4). In the experiment, we tried to detect O_ but did not observe any.
A further observation is that at high fluence, a large amount of ZrO2  is observed. This 
ion could again either be due to a direct excitation of ZrO or due to the fragmentation 
of larger clusters. A direct IR excitation of a diatomic molecule via vibrational modes to 
the ionization limit has so far not been observed. Usually, after absorbing a few quanta, 
the anharmonicities become so large that the molecule is no longer in resonance with the 
radiation. For ZrO, however, the density of electronic states becomes very quickly large 
and it might be conceivable that IR excitation could be efficient, due to coupling of the 
vibrational and electronic degrees of freedom. In Fig. 7.2, the observed spectral structure 
of ZrO is shown. For gas phase ZrO, experimental vibrational frequencies range from 937 
cm_ 1 in its electronic ground state to about 844 cm_ 1 in electronically excited states [10]. 
The spectrum shown here is therefore clearly not compatible with a direct excitation of 
ZrO. As discussed above, it is also not likely that ZrO2  is formed via successive evaporation 
of ZrO2 units from larger ZrnO2n_ 1 clusters. The only other possibility for the formation 
of ZrO2  is the fragmentation of Zr^O+2^  to yield ZrO2  and Zrn_1O2(n_1). The charge 
stays on the presumably lower IP ZrO rather than on Zrn_1O2(n_1) and the above process 
appears to be at least competitive with the evaporation of ZrO2 from charged clusters. 
The observed intensity of ZrO2  can be very large in such a process, since clusters from 
various sizes can contribute.
The most important question that arises concerns the geometrical structures of the 
observed clusters. Depending on the temperature, bulk ZrO2 crystallizes in one of three 
different phases. Up to 1180 °C, the stable structure is monoclinic, between 1180 °C and 
2370 °C a tetragonal phase is formed and at higher temperatures (up to the melting point 
of 2600 °C) a cubic structure is preferred. The coordination of the Zr atom in the mon­
oclinic phase is seven whereas it is eight in the tetragonal and cubic phase. Small ZrO2 
particles are known to have a lower transition temperature for the monoclinic to tetragonal 
phase transition and particles with a radius less than 150 A are measured to be tetragonal, 
even at low temperatures [6]. The IR spectra of ZrO2 in its three crystalline phases are 
distinctively different. As the symmetry of the unit cell is reduced from cubic to tetragonal
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to monoclinic, more modes become IR allowed. Cubic ZrO2 has only one IR active mode 
at 480 cm_1 [16], tetragonal ZrO2 has three IR active modes (575, 435 and 365 cm_1) [17] 
and monoclinic ZrO2 has 15 IR active modes. The highest frequency mode of these is at 
740 cm "1 and is characteristic for the monoclinic phase. The other monoclinic modes are 
situated below 620 cm_1 [17]. For the ZrO2 molecule in a rare gas matrix, the IR active 
modes are determined to be at 818 and 884 cm_1 [18].
The IR active modes observed here at 620 and 680 cm_1 therefore give us no direct 
information about the symmetry and structure of our clusters. The clusters in the present 
experiment contain less than 30 Zr atoms. Most of these atoms will be located on or very 
near the surface of the cluster. It might thus be no surprise that no coincidence with 
the bulk IR modes of ZrO2 is observed. It has long been known that finite size effects 
can dominate the IR spectra of small species [19]. While the spectra presented here are 
very different from bulk spectra, they compare well to the calculations presented here for 
small clusters. There, IR active modes are calculated between 600 and 800 cm_1 that 
are characteristic for motion in (ZrO)2 four membered rings. In addition, the calculations 
indicate that, at least for clusters with up to four Zr atoms, the preferred structures have 
connectivities similar to those found in the bulk. It thus seems reasonable that the clus­
ters investigated here also resemble bulk structures and incorporate four membered (ZrO)2 
rings.
7.5 Sum m ary
Clusters with a stoichiometry of ZrnO2n-1 can be efficiently excited with IR radiation to 
internal energies high enough to allow the thermionic emission of an electron. This obser­
vation is rationalized with the high binding energy of zirconium-oxide clusters combined 
with the low ionization potential of clusters that lack one oxygen atom. When taking mass 
spectra, peaks with n=1G, 13 and 15 are observed to be stronger than their neighbouring 
peaks. The wavelength spectra of all clusters studied are very similar, consisting of one or 
more features between 6GG and 7GG cm-1 . Bulk zirconium-oxide does not have IR active 
modes in this wavelength range. Ab-initio calculations are performed for ZrnO2n clusters 
with 1 < n < 4. Different structural isomers are found for clusters with more than one 
zirconium atom. Calculated IR spectra show characteristic IR active modes between 9GG 
and 1GGG cm-1 that correspond to Zr-O stretching of isolated oxygen atoms. The most 
stable isomers contain Zr-O-Zr-O four membered rings that are typical for the bulk struc­
ture. For small clusters, motion in those rings gives rise to characteristic IR active modes 
between 6GG and 7GG cm-1 and it thus seems very likely that the cluster structures in our 
experiment are dominated by those four membered rings.
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C h a p t e r  8
I n f r a r e d  S p e c t r o s c o p y  o f  G a s  P h a s e  
M a g n e s i u m - O x i d e  C l u s t e r s 1
A bstract
N eutral (M gO)n clusters are produced in a m olecular beam  by laser vaporization in a 
pulsed-nozzle cluster source. These clusters are ionized via m ultiphoton absorption from 
either an ultraviolet excimer laser or a far-infrared free electron laser. W hile ultraviolet 
ionization produces mass spectra  consistent w ith previous m easurem ents, infrared ioniza­
tion produces higher molecular weight ions from the  same nascent source d istribution. 
U ltraviolet ionization occurs by direct electronic excitation/ionization , while infrared ion­
ization occurs by vibrational excitation followed by therm ionic electron emission. In both  
cases, prom inent masses are observed corresponding to  cubic nanocrystals w ith near equal 
x:y:z dimensions. By tun ing  the  IR  wavelength while recording the  mass-resolved ion 
yield, v ibrational spectra  are obtained revealing two resonances near 16 and 22 microns. 
The spectra  exhibit a gradual variation w ith size, converging in the  lim it of the  largest 
clusters (containing abou t 300 atom s) to  positions near to, bu t not m atching the  bulk 
phonon frequencies. C lusters observed a t lower abundance have stoichiom etries ind icat­
ing non-sym m etric structures, bu t these species have basically the  same spectra  as other 
clusters near the  same to ta l mass. S tructu ral im plications of these v ibrational spectra  are 
investigated.
1Adapted from: D. van Heijnsbergen, G. von Helden, G. Meijer, M.A. Duncan,J. Chem. Phys. 116, 
2400 (2002).
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8.1 Introduction
Since the first gas phase metal clusters were produced, a goal of their study has been 
the measurement of structure and energetics as a function of size and the comparison of 
these properties to those of the corresponding solid material. Unfortunately, this goal has 
rarely been realized. Electronic structure as a function of cluster size has been probed ex­
tensively through ionization potential measurements[1,2], photoelectron spectroscopy[3-5], 
and photodissociation spectroscopy on plasmon resonances[6,7]. However, measurements 
of vibrational or geometric structure have not been possible. Vibrational spectroscopy has 
been limited by the inavailability of tunable lasers in the required far-infrared wavelength 
region. There has also been no technique sensitive and selective enough to measure vibra­
tional spectra for specific clusters formed at low density in a distribution of sizes. However, 
we have recently demonstrated that infrared resonance-enhanced multiphoton ionization 
(IR-REMPI) spectroscopy with a tunable free-electron laser can provide size-specific vi­
brational spectroscopy for fullerenes[8] and for metal-containing clusters[9-12]. We are 
exploring the application of this new technique to the study of various metal and metal 
compound clusters. In the present report, we describe new results for magnesium-oxide 
clusters in the size range up to about 300 atoms.
Solid MgO is a well-studied material with numerous applications[13-19], especially as a 
support for metal nanoparticle catalysts[17]. It also exhibits a variety of interesting surface 
chemistry in its own right[16,17]. Its structure is face-centered cubic, even when colloidal 
size particles are produced, as in the familiar burning of magnesium ribbon. It is an insu­
lator with a bandgap of 7.8 eV[19]. MgO has a high melting point (2826°C) and enthalpy 
of formation (AHj°(s)= -602 kJ/mol), consistent with strong ionic bonding[19]. Bulk and 
surface phonon vibrational spectra are well characterized via infrared reflectance[15] and 
high resolution electron energy loss spectroscopy (HREELS) measurements on the solid 
surface[13,14], as well as IR absorption measurements on small particles[18].
Magnesium-oxide molecules and clusters have been studied previously via experiments 
in the gas phase[20-26] and with ab initio theory[27-33]. The electronic spectrum of MgO 
is well known for many years[21]. Its dissociation energy is somewhat uncertain, but it 
lies in the 3.5-4.5 eV range[20,21], while the ionization energy (8.007 eV) is known pre­
c ise ly^]. Mass spectra of (MgO)n clusters have been studied[23,24], and photoelectron 
spectroscopy measurements have been performed on small anion clusters[25,26]. In the 
small size range, mass spectra exhibited prominent abundances at clusters with the sto- 
ichiometry of (MgO)3n. The n=1 cluster was calculated to have a six-membered ring 
structure, and larger species were suggested to have stacked-ring structures denoted as 
nanotubes[23,24,33]. In the larger clusters, mass spectra suggest cubic nanocrystalline 
structures[24], but no direct data has been obtained for either of these structural mo­
tifs. Although there are no previous experimental studies of cluster bond energies, the 
strong bonding in the diatomic and in the solid suggests that clusters will also have signif­
icant stability. This makes MgO clusters good candidates for IR-REMPI measurements. 
Magnesium-containing clusters have been proposed as carriers of IR bands observed for
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dust clouds in the neighborhood of oxygen-rich stars[34-37]. There is therefore consider­
able interest in the vibrational spectroscopy of MgO clusters.
In the present work, vibrational spectra for MgO clusters are measured with the IR- 
REMPI technique[8]. This method is based on the ability of certain strongly bound clusters 
to exhibit so-called “thermionic emission” of electrons following multiphoton laser excita­
tion. In strongly bound clusters, ionization can be competitive with other photoinduced 
processes such as dissociation. Elimination of one or more atoms by photodissociation 
often requires that multiple bonds be broken, and in general the energy required for evap­
oration of neutral fragments increases with cluster size. Ionization, on the other hand, 
becomes easier in larger clusters because ionization energies usually decrease with cluster 
size. Thermionic emission at fixed laser wavelengths has been observed for metal clus- 
ters[38,39], fullerenes[40,41] and metal carbide clusters[38,42,43]. IR-REMPI is based on 
the observation that thermionic emission is enhanced when the laser is resonant with vi­
brational frequencies, and it requires a tunable, high fluence laser in the infrared and 
far-IR wavelength regions. IR-REMPI was first described as a spectroscopic tool for gas 
phase clusters in the study of C60[8]. In later work, we have employed this method to 
study clusters produced in pulsed molecular beams by laser vaporization[9-12]. Transition 
metal-carbides[9,10,12] and -oxides[11] have been studied to date with this method. In the 
present report, we extend this method to study the main group metal-oxide clusters of 
MgO. The method is again successful, making it possible to investigate the various struc­
tural proposals for these clusters.
The production of magnesium-oxide clusters is based on the mechanism described in 
Chapter 1, involving the ablation of a pure magnesium rod synchronized with gas pulses 
containing 1-5 % of molecular oxygen in argon. Following vibrational excitation with FE­
LIX, thermionic emission occurs for certain MgO clusters, which are subsequently detected 
in the reflectron time-of-flight mass spectrometer.
8.2 R esu lts and discussion
Fig. 8.1 shows the mass spectra measured for (MgO)n clusters using different ionization 
lasers. As shown, there are dramatically different mass spectra when we use the ultravi­
olet radiation from an ArF (193 nm) excimer laser for ionization compared to thermionic 
ionization induced by the infrared radiation from FELIX. A mass spectrum similar to that 
obtained with ArF is also obtained using KrF ionization at 248 nm (data not shown). The 
UV ionization produces primarily cations in the small size range for (MgO)n species up to 
about n=40, whereas the IR-REMPI conditions produce ions up to beyond n=160. These 
mass spectra are significantly different, but the differences are understandable based on the 
ionization mechanism expected for the two different experiments. At the ArF or KrF laser 
wavelengths, the photon energy (6.4 or 5.0 eV) is not likely to be high enough to ionize 
these clusters with one photon. The IP of diatomic MgO is 8.0 eV, and the bulk work func­
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Figure 8.1: A comparison of the mass spectra obtained with infrared multiphoton ionization 
with the free electron laser and ArF excimer laser multiphoton ionization. The prominent 
masses observed correspond to cubic nanocrystal structures.
tion can be estimated to be 6.5 eV (vide infra). It is thus not unreasonable that the IP ’s 
of these clusters are somewhere in between these values, and ionization with the excimer 
laser is therefore likely to be a multiphoton process. Consistent with this, ionization is 
relatively inefficient except at high laser power. When the laser power is increased, absorp­
tion of photons beyond the minimum necessary for ionization leads to fragmentation, and 
stable cation species survive preferentially under these conditions. It has been shown in 
previous MPI studies of other metal clusters that the prominent masses produced this way 
are essentially the same as those produced when the clusters grow directly as cations[45]. 
The more abundant clusters in the small size range can therefore be associated with stable 
cations. The infrared ionization process on the other hand is believed to occur as neu­
tral clusters absorb energy gradually to heat the cluster. The vibrational energy must be 
coupled into the electronic degrees of freedom to achieve ionization. If fragmentation can 
occur, it will compete with ionization. Therefore, the abundant ions in this distribution 
are likely to represent the more stable neutral clusters in the nascent distribution. The IR 
ionization is also more efficient when clusters can accommodate energy effectively and for 
those clusters with lower ionization potentials. This explains in a general way why much 
larger clusters are detected with this method.
The infrared ionization process here has all the properties that allow it to be attributed 
to thermionic electron emission. Most specifically, the ions require a time delay of a few
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microseconds after the initial excitation before they are formed and extracted. This is 
then the first report of thermionic emission for magnesium-oxide clusters. In previous 
studies of fullerene and metal clusters that exhibit thermionic emission, it was generally 
believed that the bond energies for cluster dissociation were greater than cluster ionization 
potentials[8-12]. It is therefore interesting to consider if this condition also applies here. 
Unfortunately, bond energies and ionization potentials have not been measured for MgO 
clusters. If we consider the MgO molecule itself, the ionization potential (8.0 eV) is actu­
ally much greater than the dissociation energy (best estimate, D0=4.3 eV)[20]. However, 
these clusters are probably more like the bulk material than they are like the diatomic. 
The dissociation energy of the clusters can be related to the bulk sublimation energy for 
the process MgO(s) ^  MgO(g). While not measured directly, this can be derived from 
the bulk and diatomic thermochemistry as AHs=  +157.7 kcal/mole (6.84 eV)[20]. The 
ionization energy of the clusters can be related to the bulk work function, which is also a 
number that is difficult to measure for metal-oxides. However, the band gap is well known 
(7.8 eV)[13], and the bulk electron affinity is estimated as less than -1.3 eV[13], from which 
the bulk work function is derived as 6.5 eV or smaller. For the bulk then, the ionization 
energy appears to be slightly less than the fragmentation energy, and so these energetics 
should also be close for the clusters here. It is therefore not unreasonable that thermionic 
emission is observed. Indeed, secondary electron emission from MgO surfaces is also known 
to be extremely efficient[13].
In previous work, (MgO)n ions were produced via a sputtering source or by laser va­
porization followed by ultraviolet laser multiphoton ionization[20-26]. Both techniques 
produced cluster ions in the small size range with prominent masses for (MgO)3n. In com­
bination with theory, the (MgO)3 mass was attributed to a six-membered ring structure, 
and the (MgO)3n species were assigned to stacked-ring or nanotube structures built from 
this same unit. A change in cluster structure was suggested to occur beyond the size of 
about (MgO)30, where fcc nanocrystalline structures were inferred from the mass spectrum 
abundances. In the present data, the UV ionization mass spectra also show a somewhat 
enhanced abundance for the same (MgO)3n mass peaks, as seen in the previous work. The 
IR-REMPI experiment also produces ions in the size range of n=15-30, where the pro­
posed stacked-ring structures would be found. It is therefore possible to test for structural 
differences between small and large clusters using infrared spectroscopy.
In Fig. 8.2, we show a comparison of the IR-REMPI mass spectra measured at high, 
intermediate and at low laser pulse energies (50, 25 and 17 mJ/pulse), where the ion signal 
is summed over the range of 14.5 to 17.0 microns. These spectra have smaller clusters on 
average than that shown in Fig. 8.1 because of different source conditions. In each case 
the laser is focused, but the confocal waist varies significantly with wavelength, and so 
the absolute fluence for these spectra is difficult to quantify. Nevertheless, there is clearly 
a shift in the cluster ion intensity across the distribution as the fluence is varied. One 
explanation for this is that fragmentation occurs in neutral clusters, followed by ionization 
of the fragments, or in ions by continued absorption after the ionization threshold. To limit
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Figure 8.2: The power dependence of the IR-REMPI mass distribution measured cumula­
tively over the wavelength range of 14.5 to 17.0 microns.
the possible effects of fragmentation we measure our wavelength spectra at reduced laser 
power, although there is no change in any resonances with the laser fluence. Although the 
intensity distribution here shifts with fluence, the prominent mass peaks remain mostly 
the same in these spectra. The notable exception to this is the n=65 feature, which is 
hardly noticeable at high fluence and then becomes the largest peak in the spectrum at 
low fluence. On the other hand, it is also possible that the intensity shift across this dis­
tribution is not caused by fragmentation at all. If we examine the absolute signal levels, it 
is evident that the intensity at the smaller masses grows at higher laser power relative to 
the n=65 peak, but the higher masses have a nearly constant signal level. This is possible 
if the smaller clusters become ionized more efficiently as the fluence increases. The smaller 
clusters should have higher IP ’s and they would require more photons on average for ion­
ization, and so it should be more difficult to ionize these species at low laser fluence. This 
is completely consistent with our understanding of the thermionic emission mechanism.
The prominent masses that are labeled in Figs. 8.1 and 8.2 can all be rationalized in 
terms of fragments from the bulk fcc lattice. The most obvious way to accomplish this is by 
simple cubic structures with roughly equal x,y,z dimensions, which corresponds to cutting 
the bulk crystal along the (100) planes. Table 8.1 shows some selected examples of x,y,z 
values that could lead to such cubic structures. In many cases there is more than one way 
to arrive at a prominent stoichiometry. For example, the n=60 cluster could correspond 
to 4x5x6, 3x5x8 or 2x5x12 lattices. However, the 4x5x6 is considered to be the most likely 
because its symmetric dimensions minimize the surface free energy. Atoms along the edges 
of the structure have fewer bonds (4) than those in the face (5) or at interior sites (6) and
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n x,y,z n x,y ,z
15 2x3x5 65 2x5x13
18 2x3x6, 3x3x4 72 4x6x6, 3x6x8
21 2x3x7 90 5x6x6, 4x5x9
24 3x4x4, 2x3x8 108 6x6x6, 4x6x9
30 3x4x5, 2x5x6 126 6x6x7, 4x7x9
32 4x4x4 135 5x6x9
40 4x4x5 147 6x7x7
50 4x5x5 156 4x6x13, 3x8x13
60 4x5x6, 3x5x8 162 6x6x9, 4x9x9
Table 8.1: The cubic structures giving rise to prominent (MgO)n stoichiometries.
therefore it is usually energetically favorable to have fewer of these. Another possible way 
to construct these clusters might be with layers corresponding to (111) planes of the solid. 
Symmetric layers occur for planes with 5, 13, 25, 41, 61... atoms. However, to maintain the 
1:1 stoichiometry, these layers should occur in pairs. It is then possible again to rationalize 
many of the prominent clusters with this scheme. For example, the n=60 cluster could also 
be explained with four layers of 5 and four of 25. However, atoms along the sides of these
(111) planes also have only four bonds, and so this configuration is generally considered to 
be less stable than corresponding simple cubic (100) configurations. Indeed, the (100) is 
the normal surface found for bulk MgO crystals, while the polar (111) face is found to be 
metastable[13].
These issues of different fcc lattice fragments are interesting in particular because of 
the n=65 cluster. This is the one cluster that exhibits an extreme fluence dependence, be­
coming the largest peak in the mass spectrum at low fluence. It has a total of 130 atoms, 
which can only be rationalized as cubic if we assume dimensions of 2x5x13. This cluster 
would look like a thin sheet or channel, which seems unlikely to form. It is conceivable 
that this cluster represents a cubic structure with nearly equal x,y,z dimensions, but with a 
defect site with a few missing or extra atoms. For example, the n=65 cluster is only slightly 
larger than the 4x4x8 structure (n=64), and it may represent a species just beyond this 
more likely structure. However, there is no peak for the ideal n=64 cluster, and it is then 
not clear why such an intermediate species would be prominent. On the other hand, the 
n=65 species can also be explained with the (111) growth scheme, where it corresponds to 
either 10 layers of 13, or to four layers of 25 and six layers of 5. These (111) arrangements 
would have unfavorable bonding compared to most (100) cubic structures, but they are 
probably more stable than the 2x5x13 species. Another strange cluster appears with weak 
abundance at n=156, which can only be explained as cubic if the dimensions are 4x6x13 
or 3x8x13. Again, this can alternatively be explained with a (111) pattern, as the n=156 
cluster can be constructed from two layers of 61 atoms, four layers of 41 atoms and two 
of 13 atoms. It should also be noted that many of these clusters might be explained with
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faceted structures, representing combinations of the simple cubic and (111) growth pat­
terns. Thus, although most of the masses have simple explanations, others require more 
complex schemes. It is clear that mass spectra and prominent abundances do not provide 
clear insight into all the cluster structures here.
Wavelength (p.m)
Figure 8.3: The wavelength dependence of the IR-REMPI signal for the clusters in the 
small size range.
Fig. 8.3 shows the wavelength dependence of the IR-REMPI signal for (MgO)n clusters 
in the small size range where n=15,21,27 and 32. The smaller clusters here often have n as 
a multiple of three, and these species were proposed previously to represent stacked-ring 
nanotube structures. The signal-to-noise ratio in these data is not great due to the low 
abundance and/or low ionization efficiency of the small clusters. Additionally, there is an 
unavoidable oscillation in the signal due to precession of the sample rod in its mount. This 
oscillation is also seen in the larger cluster spectra shown below, but it is less of a problem 
because of the larger signals there. Although the data are noisy, it can be seen that there 
is some resonance enhancement in the ionization yield. Two broad bands are observed 
near 16 and 22 microns, although the 22 micron feature is less apparent for the smaller 
clusters. In data not shown, these same broad resonances are also seen for the n=18, 24 
and 30 clusters, which were also proposed to have nanotube structures.
Fig. 8.4 shows a study of the laser power dependence of the spectrum for n=32. At 50 
mJ/pulse, the spectrum is broad and the intensity of the two bands is almost the same. 
However, at 25 mJ the 16 micron feature has become somewhat sharper and more promi­
nent relative to the 22 micron feature. At 17 mJ, the 16 micron feature is perhaps narrower
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Figure 8.4: The power dependence of the IR-REMPI wavelength spectrum for the n=32 
cluster.
still and the 22 micron feature is almost lost in the noise. This shows that the saturation 
behavior for these two feature is noticeably different, consistent with a difference in their 
intrinsic IR absorption cross section or their anharmonicity[8]. It is also conceivable that 
the 22 micron feature appears more intense at higher laser power due to fragmentation of 
larger clusters into this mass channel.
Fig. 8.5 shows similar wavelength IR-REMPI spectra for larger (MgO)n clusters where 
n=40, 60, 90, 108, 126 and 168. It is remarkable that we are able to measure spectra with 
this method for clusters over the range of 30 atoms (at n=15) up to over 300 atoms. As 
indicated in the figure, the smaller clusters here (e.g., n=40) again have broad resonances 
near 16 and 22 microns just like the clusters in Fig. 8.3. However, the signal-to-noise 
ratio here is much improved, consistent with the larger mass peaks seen for these clusters 
in the mass spectra in Figs. 8.1 and 8.2. In larger clusters, the same broad resonances 
are measured, but the center of the bands shifts gradually in position. The shorter wave­
length band appears to get broader in larger clusters, with its band center shifting very 
slightly toward longer wavelength. On going from the smallest cluster to the largest, the 
band center changes from about 15.5 to 16 microns. The longer wavelength feature is 
always broader and less intense than the shorter wavelength feature, and it seems to shift 
somewhat more with cluster size. Additionally, it shifts toward shorter wavelength. On 
going from the smallest cluster to the largest, this band moves from about 22 to about 
21 microns. Except for this gradual shift and the lower intensities for the small clusters, 
these wavelength spectra are essentially the same for all cluster sizes. The small clusters 
that were proposed to have stacked-ring structures have essentially the same spectra as
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Figure 8.5: The wavelength dependence of the IR-REMPI signal for the larger clusters. 
The arrows indicate the positions of the bulk vibrational modes.
the larger clusters whose masses suggested that they were cubic nanocrystals.
There have been no ab initio  calculations to our knowledge that focus on the vibrational 
spectra of MgO clusters in either the small or large size domain. To understand these vibra­
tional spectra, therefore, we can only compare to the spectra known for the corresponding 
bulk material, which has the fcc lattice structure. Bulk and surface phonon vibrational 
spectra are well characterized for MgO via infrared reflectance[15] and high resolution elec­
tron energy loss spectroscopy (HREELS) measurements on the solid surface[13,14], as well 
as IR absorption measurements on small particles[18]. In the HREELS surface phonon 
spectra, a strong resonance is observed at 651 cm-1 that is assigned as the optically active 
motion of oxygen atoms stretching perpendicular to the surface. Vibrations of bulk mate­
rial can also be seen in IR reflectance spectroscopy or in the absorption spectra of small 
particles. However, these latter two measurements are influenced by the combined effects 
of absorption and reflectance, which depend in a complex way on the surface or particle 
morphology. Consequently, sharp resonances are not observed in these measurements, but 
the broad undulating pattern observed must be fit to parallel and perpendicular phonon 
modes. The perpendicular mode derived is at 640 cm-1, which is a close match with the 
sharp surface phonon measured by HREELS. These vibrational frequencies match closely 
with the shorter wavelength feature seen here centered at about 16 microns (625 cm-1).
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Because these clusters are so small, it is most relevant to compare them to the MgO surface 
mode. Compared to this, the IR-REMPI band is slightly red-shifted, although the band 
is quite broad. A red-shifted band is in fact expected for the IR-REMPI process due to 
anharmonicity effects[8], and this has been seen in previous spectra of other cluster species. 
Therefore, the 16 micron band can be assigned as the cluster counterpart of the optically 
active surface phonon that is seen in the HREELS spectrum.
The 22 micron feature is also broad, and it is not as prominent in the smaller clusters. 
Unlike the 16 micron band, it shifts gradually to the blue with increasing cluster size. The 
perpendicular phonon for the solid surface is not optically allowed, and therefore it is not 
seen in the HREELS spectrum. Its frequency is determined to be 401 cm-1 (25 microns) 
in the small particle absorption data[18]. It is tempting to associate the 22 micron band 
seen in the IR-REMPI spectra with this bulk vibration, but the match is not particularly 
compelling. The frequencies do not match well, and the 22 micron band is shifting further 
away from the bulk value toward higher frequency as cluster size increases. It is conceivable 
that the 22 micron band represents a cluster mode that becomes inactive in larger sized 
particles. On the other hand, it should be noted that the 25 micron bulk phonon band is 
never observed as a sharp, well defined resonance. It is derived via curve fitting procedures 
that may have inherent errors associated with them. Considering this, the 22 versus 25 
micron difference may not be significant, and it may be that this mode also represents the 
cluster analogue of this bulk phonon.
If we accept these assignments, then the clusters here are found to have vibrational res­
onances similar to those in the corresponding MgO bulk material, which has the fcc crystal 
structure. This is particularly convincing for the 16 micron feature that is seen as a strong 
resonance for all clusters studied here and which corresponds to the optically active surface 
phonon seen on the (100) surface. It is therefore safe to assume that these small clusters 
exhibit this same fcc structural pattern. This is also consistent with the prominent mass 
peaks observed in the mass distribution, which at higher sizes also suggest cubic structures. 
On the other hand, small clusters (n=12,15,18, etc.) have been suggested in the past to 
have the nanotube structure composed of stacked six-membered (MgO)3 rings. Although 
these same cluster stoichiometries are measured here, their IR spectra match those of the 
larger clusters, which also match (except for the 22 versus 25 micron issue) those of the 
bulk. The simplest conclusion from this is that all MgO clusters have cubic nanocrystal 
structures and not nanotube structures. Indeed, the only experimental evidence for the 
nanotube structure was the numerology, in which multiples of three MgO units were seen. 
However, as shown in Table 8.1, all the n=12, 15, 18, 21, 24, 30 species can be equally well 
rationalized with symmetric cubic structures. On the other hand, any conclusion about 
structure may be premature because we do not know what vibrational spectrum to expect 
for nanotube clusters. Their vibrations would also involve Mg-O stretching motions, and 
their spectra might not be so different from those seen here, especially considering the 
width of the bands measured. It is therefore important that ab initio calculations investi­
gate the vibrational spectra of both the proposed nanotube and nanocrystal species.
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Magnesium-oxide in the bulk is well known to form Schottky-type color centers in which 
oxygen atom vacancies are occupied by electrons. It is interesting to consider whether such 
defects would occur in the small cluster size domain, since they occur only rarely in the 
bulk. While most of the prominent masses seen here can be rationalized as symmetric fcc 
nanocrystal structures, there are many other weaker intensity mass peaks that must nec­
essarily correspond to clusters with incomplete or defect nanocrystal structures or which 
have some other structural growth pattern. To investigate the possibility of other struc­
tures perhaps including color centers, we have measured the IR-REMPI spectra for other 
clusters with dimensions close to, but not exactly corresponding to an ideal cubic species. 
Throughout these data, there is no apparent difference in the resonances observed for these 
species compared to those already shown in Fig. 8.4. They all have the same resonances 
near 16 and 22 microns. In another measurement not shown, we can record the wave­
length dependence of the IR-REMPI signal simultaneously for all mass channels to see if 
any cluster has resonances different from the 16 and 22 micron bands. No other resonances 
are seen. This implies that all clusters seen here have similar structures, i.e., completed or 
partially completed fcc nanocrystals. It is somewhat disappointing that we are not able to 
see any difference between clusters with completed cubic structures and those that must 
represent growing intermediates. However, this is most likely because the IR active modes 
with strong intensity are those that have the greatest amplitude motion, i.e., those at the 
cluster surface. This would be consistent with the optical activity of the solid surface. If 
this is true, then the vibrational frequencies of such surface atoms would not be expected 
to be very sensitive to structural variations in other parts of the cluster. This trend would 
increase with cluster size as more surface atoms contribute to the signal. On the other 
hand, it is also conceivable that the lines observed here are inhomogeneously broadened 
due to slightly shifted resonances for clusters with the same number of atoms and slightly 
different structures. To obtain insight on these issues, ab initio calculations are needed 
that investigate the IR spectra for stacked-ring clusters and for nanocrystal clusters with 
and without defects.
C onclusions
Magnesium-oxide clusters containing up to over 300 atoms are produced by laser ablation 
and studied with ultraviolet ionization and infrared resonance enhanced ionization spec­
troscopy. Cluster mass spectra in the small size range exhibit somewhat enhanced abun­
dances for stoichiometries corresponding to (MgO)3n species that have been seen previously, 
while in the larger size range prominent masses are consistent with cubic nanocrystal struc­
tures. These observations are consistent with the results from earlier mass spectrometry 
studies. IR-REMPI vibrational spectra are obtained for clusters in the size range from 
about 30 to over 300 atoms. Although previous studies suggested stacked-ring nanotube 
structures for the small clusters and nanocrystal structures for larger clusters, we find that 
all clusters have essentially the same IR spectra. Two broad resonances near 16 and 22
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microns are measured. The 16 micron band occurs at the same position as the optically 
active perpendicular surface phonon band, while the 22 micron feature is somewhat close 
to the bulk parallel phonon. Clusters with stoichiometries corresponding to completed 
cubic structures with roughly equal x,y,z dimensions have essentially the same spectra as 
those that contain defects or incomplete lattice fragments. However, the spectra are broad 
and it may be that the linewidth reflects the presence of isomeric structures. Ab initio 
calculations are needed to explore the IR spectra as a function of cluster size and structure.
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C h a p t e r  9
I n f r a r e d  S p e c t r o s c o p y  o f  G a s  P h a s e  
A l u m i n u m - O x i d e  C l u s t e r s 1
A bstract
Neutral aluminum-oxide clusters are produced in a molecular beam by laser vaporization 
in a pulsed-nozzle cluster source. These clusters are ionized via (multi-) photon absorp­
tion from either an ultraviolet excimer laser or from a far-infrared free electron laser. 
Ultraviolet (multi-) photon ionization produces sparse mass spectra with only relatively 
light aluminum-oxide clusters, while infrared ionization produces a smooth distribution of 
higher molecular weight ions from the same nascent source distribution. Tuning the IR 
wavelength, infrared spectra are recorded pointing to the y-A12O3 structure for a whole 
series of AlO-(Al2O3)n clusters, n  < 34.
1 Adapted from: D. van Heijnsbergen, K. Demyk, M.A. Duncan, G. Meijer, G. von Helden, Phys. Chem. 
Chem. Phys. xxx, xxx (2002).
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9.1 Introduction
Since the first gas phase metal clusters were produced, a goal of their study has been the 
measurement of their structure and energetics as a function of size and the comparison 
of these properties to those of the corresponding solid material. Unfortunately, this goal 
is difficult to realize. Electronic structure as a function of cluster size has been probed 
extensively through ionization potential measurements[1], photoelectron spectroscopy[2], 
and photodissociation spectroscopy on plasmon resonances[3]. However, obtaining infor­
mation that reveals cluster vibrational or geometric structure is much more difficult.
The fingerprint of a clusters’ structure is hidden in its vibrational spectrum. Vibra­
tional spectroscopy has been limited by the inavailability of tunable lasers in the required 
infrared wavelength region. Until recently, there has also been no technique sensitive and 
selective enough to measure vibrational spectra for specific clusters formed at low density 
in a distribution of sizes.
We recently[5] have developed a technique called infrared resonance-enhanced multipho­
ton ionization (IR-REMPI) spectroscopy, making use of the unique properties of a tunable 
free-electron laser[6]. It has been shown that this technique can provide size-specific vibra­
tional spectroscopy for fullerenes[5] and for metal-containing clusters[4, 7, 8, 9].
In this report, we are exploring the application of IR-REMPI spectroscopy to the study 
of gas phase aluminum-oxide clusters up to about 350 atoms in order to directly compare 
their vibrational features to those of the corresponding bulk material.
9.1.1 Background on crystal structures o f alum ina.
Solid Al2O3 is a well-studied material with numerous applications. Under normal pres­
sures and temperatures bulk aluminum-oxide is crystallized as a -A l2O3, better known as 
corundum. It is an insulator with a bandgap near 9 eV, which lowers to 7-8 eV at the 
surface[10]. It has a melting point around 2052 oC. Strong ionic bonding stabilizes the 
system which has an enthalpy of formation of -256 kJ/mol at 298 K.
Besides the thermodynamically most stable a -A l2O3, many metastable Al2O3 poly­
morphs, also known as transition aluminas, exist[11]. They can be divided into two broad 
categories: a face-centered cubic ( fcc) or a hexagonal close-packed (hcp) arrangement of 
oxygen anions in the crystal. y-A12O3, 6u A12O3 (monoclinic), and n~Al2O3 (cubic) are 
examples of the former whereas a-A l2O3 (trigonal) and k-A12O3 (orthorhombic) are ex­
amples of the latter. It is the distribution of the aluminum cations within each subgroup 
that results in the different polymorphs.
Small transition alumina particles have many applications in industry as adsorbents,coatings, 
and catalysts, because of their high surface area and catalytic activity. In order to manip­
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Octahedral site Tetrahedral site
Figure 9.1: Model for the spinel structure of y-A 12O3 with all the tetrahedral and octahe­
dral cationic sites filled by Al+ atoms for clarity.
ulate its production and to understand the material’s behavior when they undergo heat 
treatments, fundamental understanding is required about polymorphic phase transforma­
tions in the alumina crystal. This is for instance of major importance for the sintering 
of nanosized Al2O3 powders, which are usually y-A 12O3 but transform during sintering to 
a -A l2O3[11]. Both the sintering and the graingrowth behavior are strongly related to this 
phase transformation.
Whereas the structure of a -A l2O3 is well-known[12](for instance by X-ray analysis), 
that of y—Al2O3 is still the subject of much debate. Several studies have been documented, 
both experimental (X-ray photoelectron spectroscopy[13]) and theoretical[14, 15]. It is 
commonly accepted that y—A12O3 has a defective spinel structure with a regular ABCABC 
packing of the oxygen anions and with tetrahedrally and octahedrally coordinated alu­
minum cations in between. It is not clear, however, how the 8/3 aluminum vacancies per 
unit-cell are distributed over the tetrahedral and octahedral sites, which seems rather ran­
dom (see Fig. 9.1). Because of this, the entropy of y—A12O3 is larger than that of a —Al2O3 
by 5.7 J K-1 mol-1 [16].
It is commonly assumed that metastable structures like y—A12O3 and 6uA12O3 are
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adopted in order to lower the total energy of the material through a decrease in surface 
energy. Studies on nanocrystalline aluminas confirm that differences in surface energy can 
favor the formation of a particular polymorph. More explicitly, it has been shown that 
nanocrystalline y—A12O3 can become thermodynamically stable at room temperature and 
atmospheric pressures at already relatively low limits of surface area per gram[16].
The transformation of a —Al2O3 into y—A12O3 and vice versa has been investigated thor­
oughly. Although this led to a better understanding and appreciation of the complexity 
of the process, many open questions remain. Electron diffraction studies[11, 17] have been 
carried out for many different polymorphs, but reflections occurs mainly from the oxygen 
subcell, leaving it unclear which exact polymorph in the fcc and hcp classes of nanocrys­
talline aluminas plays a role in the transitions. It is not clear whether the y ^  a  transition 
is a direct or an indirect (via other polymorphs) process. A model for the y ^  a  phase 
transformation, however, has been developed[18], describing the rearrangement of stacking 
the oxygen ions in the lattice from fcc to hcp, thereby forcing some aluminum cations to 
change from their octahedral site to a tetrahedral position.
In the search for structural information of solid state aluminum-oxide, the vibrational 
properties of thin Al2O3 films have been studied by several groups[19, 20, 21]. Thin alu­
mina films with a thickness of several A(probably two Al-O layers) have been grown via 
oxidation of NiAl (110). Infrared spectra of these films exhibit clear and distinct features 
caused by lattice vibrations, which indicate a y—A12O3 crystalline structure. This is yet 
another example that a —Al2O3 is not the thermodynamically most stable phase when the 
dimensions of the alumina material are on the nanoscale.
9.1.2 Gas phase studies
Only a limited number of studies on gas phase aluminum-oxide clusters have been pub­
lished. Most of these studies focus on small clusters containing only a small number of 
aluminum and oxygen atoms. Lai-Sheng Wang and co-workers measured photoelectron 
spectra of gas phase AlxOy-  (x=1-2, y=1-5) clusters[22]. Ground and excited electronic 
states were revealed and assigned, and for all the Al2Oy-  (y=2-5) species the photoelectron 
spectrum was vibrationally resolved and analyzed. In addition, calculations were carried 
out at MP2 and HF levels of theory. Ortiz and co-workers extended the theoretical analysis 
by performing density functional (B3LYP) calculations, thereby being able to determine 
the gas phase geometry for some of these systems[23].
Scott and co-workers studied hydration reactions of small aluminum-oxide anion clusters[24] 
and compared these to calculations using the HF, B3LYP, and MP2 levels of theory. An­
drews et al. obtained infrared spectra for aluminum-oxide clusters embedded in an ar­
gon matrix[25]. Sharp absorptions were monitored belonging to several small aluminum- 
oxide compounds. Bach and McElvany recorded ionization potentials of aluminum-oxide
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molecules containing up to eight atoms by charge-transfer bracketing measurements in a 
FT-ICR mass spectrometer[26]. Their IP measurements support, for instance, the struc­
tural change proposed by King et al., involving the linear-to-cyclic rearrangement of the 
aluminum-oxide atoms in going from Al2O3 to Al2O4.
As a reminder, the method used in the present experiments exploits the ability of 
strongly bound clusters to exhibit so-called “thermionic emission” of electrons follow­
ing infrared multiphoton laser excitation[4, 5, 7, 8]. Thermionic emission at fixed laser 
wavelengths has been observed for metal clusters[28], fullerenes[29] and metal-carbide 
clusters[30]. Here, infrared resonance enhanced multi photon ionization (IR-REMPI) is 
obtained with a high fluence free electron laser in the infrared and far-IR wavelength 
region[27]. It is based on the observation that thermionic emission is enhanced when the 
laser is resonant with an IR active vibrational mode. IR-REMPI was first described as a 
spectroscopic tool for gas phase clusters in the study of C60[5]. In later work and discussed 
in earlier chapters of this thesis, this method has been employed to study clusters produced 
in pulsed molecular beams by laser vaporization. Transition metal-carbides, -oxides and 
-nitrides have been studied to date with this method[4, 7, 9]. We have recently extended 
this work to include main group metal-oxides[8]. In the present work, vibrational spectra 
for comparatively large Al2O3 clusters are discussed. The details of the experiment have 
been discussed in chapter 1, where it should be noted that 1-5 % of oxygen in argon is 
used as the buffergas.
9.2 R esu lts and discussion
Fig. 9.2 shows four mass spectra of cationic aluminum-oxide clusters. The source condi­
tions are kept the same throughout these measurements. Trace A is taken without any 
ionization laser at all, and represents ions emitted directly from the source. Most of the 
observed cluster ions can be identified as clustering of Al2O3 units in the stoichiometry 
AlO-(Al2O3)n; the index number n is given above the peaks in Fig. 9.2. Here, n ranges 
from 5 to beyond 40 with all n in between clearly present. The distribution is overall 
rather smooth with only a sudden decrease after n =  15. The series of peaks in between 
the n-units stem from aluminum- and/or oxygen-deficient structures.
In order to investigate the neutral species in the beam, a strong electric field (1 kV/cm) 
is used to eject the charged species 5 cm upstream from the laser-ionization region. Trace B 
is obtained when the molecular beam is intersected with 193 nm (ArF) excimer laser pho­
tons (6.4 eV, 2-3 m J/cm 2). The distribution of detected clusters is significantly different 
compared to trace A. This mass spectrum is dominated by the n=15 cluster, accompa­
nied by some smaller clusters around it. Changing the ionization laser to 248 nm KrF 
operation (5.0 eV, ~  10 m J/cm 2) leads to a similar but cleaner mass spectrum, leaving 
essential three masses at n=15, 23, and 25 (trace C). Applying the IR light from FELIX 
at 11.0 ^m instead of the UV light from the excimer laser yields the mass spectrum shown
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Figure 9.2: Mass spectra of gas phase aluminum-oxide clusters, photoionized with different 
photons under otherwise identical experimental conditions. The index number represents 
the number n in AlO-(Al2O3)n.
in trace D. Now, a wide range of AlO-(Al2O3)n clusters is detected in the mass spectrum. 
Aluminum-oxide clusters are observed from n=11 to n=71 with some peaks more promi­
nent than others.
In all traces predominantly or solely the AlO-(Al2O3)n stoichiometries are detected. 
Ions produced directly in the source show other stoichiometries as well, but the inten­
sity profile of this mass spectrum also clearly suggests a relatively high stability for the 
[AlO-(Al2O3)n]+ species.
For mass spectra obtained using photoionization ionization energetics play an addi­
tional role. The diatom AlO has an ionization potential (IP) of around 9.5 eV[31] whereas 
the IP of Al2O3 is 8.9 eV[26] and the energy required to remove an electron from bulk 
aluminum-oxide is beyond 9 eV[32]. Other aluminum-oxide IP ’s are 8.35 eV (Al2O), 8.9 
eV (Al2O2), and 6.85 eV (Al2O4)[26]. The fact that other stoichiometries with similar IP ’s 
of the constituents are not observed in the photo-ionized spectra can be explained in sev­
eral ways. One possibility is that the cluster source does not produce neutral clusters with 
these alternative stoichiometries. This is unlikely since the source does produce them as 
ions (see trace A) and there is no obvious reason why the neutral species would be totally 
different. Another possibility is that these clusters are significantly less stable. Then, frag­
mentation in addition to ionization can occur leading to cleaner mass spectra only showing 
the more stable AlO-(Al2O3)n clusters. However, the applied laser photon energies and
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fluences in combination with the mentioned IP ’s contradict efficient ionization, let alone 
additional extensive fragmentation.
Clearly, one cannot regard the AlO-(Al2O3)n clusters as a group of AI2O3 units and 
one extra Al-O unit somewhere in the cluster. Instead, the clusters are likely to have an 
integrated “lattice-like” structure, represented by the stoichiometries mentioned before. 
Taking into account the oxidation states in the bulk ionic crystal (+3 for aluminum atoms 
and -2 for oxygen atoms) the cationic [AlO-(Al2O3)n]+ is an electronically closed shell sys­
tem. Therefore it is likely that the neutral AlO-(Al2O3)n clusters have a lower IP than 
other (Al2O3)n based stoichiometries. This then explains their dominance in all of the 
observed mass spectra.
As shown by the mass spectra of the “direct” ions from the source (A) and of the 
IR photoionized neutrals (D) the source produces a whole series of cationic and neutral 
AlO-(Al2O3)n clusters. Changing to UV ionization (B and C), the recorded mass spectra 
change dramatically, probably due to (multiple) fragmentation in addition to ionization. 
Both UV laser ionized mass spectra are very similar, with the only difference that the 
slightly higher fluence for KrF relative to ArF leads to a more severe fragmentation of the 
clusters to the most stable structures. The high abundance of particularly the n = 1 5  
cluster suggests a geometrically closed-shell structure for this species.
The clusters observed in trace D have all undergone extensive infrared multiphoton 
excitation, which has been described and modeled previously[27]. The role of additional 
fragmentation is expected to be negligible with the IR fluence applied here. This is consis­
tent with the observed mass spectrum, which shows a very broad distribution of aluminum- 
oxide clusters, comparable to the distribution of source ions in trace A. However, the center 
of the distribution has shifted from n=15 to roughly n=34. In the thermionic emission 
process the efficiency increases when the ionization potential (IP) decreases. In general, the 
IP is smaller for larger clusters with the same geometry, which explains the bias towards 
larger species in trace D. The envelope of the mass spectrum in this trace is smooth and 
slightly oscillating, peaking at irregular intervals, probably indicative of a shell-structured 
cluster growth mechanism.
The IR induced thermionic emission process is highly wavelength dependent. In order 
to excite the clusters to high internal energies, the light needs to be in resonance with 
an IR active vibration. Evidently, IR radiation at 11.0 ^m is in resonance with such vi­
brations leading to the mass spectrum shown in Fig. 9.2D. To investigate the wavelength 
dependence of the thermionic emission process, FELIX is scanned over a broad range (5-25 
^m). Monitoring the ion yield of each mass as a function of the wavelength results in the 
infrared spectrum of the corresponding cluster.
The infrared spectra in Fig. 9.3 are shown in the range from 9 to 20 micron, since out­
side of this region no resonance is observed for any of the species. For clusters with n=15,
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Figure 9.3: Infrared Resonance Enhanced Multi Photon Ionization (IR-REMPI) spectra 
of several neutral aluminum-oxide clusters. The index number represents the number n in
AlO-(Al2Oa)„.
the IR spectrum shows the resonance at 11.0 ^m, although it is fairly weak. For larger 
clusters, a second resonance around 16.0 ^m appears, as seen in the spectra for n=25, 28 
and 34. Both the resonances at 11.0 and 16.0 micron do not shift significantly with size. 
At n=34, the valley between the two resonances slowly begins to disappear. For n=53 and 
62 the spectra then evolves into a single broad band from 11 to 17 micron. Because all of 
the observed clusters in Fig. 9.2D exhibit a similar response to the IR radiation, only the 
spectra of the selected clusters are displayed to show the trend.
Since the IR-REMPI technique relies on a highly non-linear multiple-photon absorption 
process, the observed relative intensities are not necessarily a correct measure for the oscil­
lator strengths of the modes. For n=15, the IR-REMPI signal is weak and only a mode at 
11.0 ^m is observed. As we observe the 16.0 ^m mode for n=25 and 28 with substantially 
larger IR-REMPI signals, it cannot be excluded that the 16.0 ^m mode is present for n=15 
as well but that it is too weak to be detected there. For n=25, 28, and 34, the infrared spec­
tra  are rather similar, independent of their size. Although rather surprising, this has been 
observed for other families of metal-carbide and -oxide clusters probed by the IR-REMPI 
technique as well[8 , 33]. For the heavier aluminum-oxide clusters, the IR-REMPI signals 
become weaker again. However, the infrared spectra for n=53 and 62 display a different 
behavior than for n=15; the appearance of a broad, unstructured absorption feature could 
indicate a structurally different cluster.
It should be noted that this evolution to a broad band can be manipulated by changing 
the source conditions. Adjusting experimental parameters such as ablation laser intensity,
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Figure 9.4: Comparison of gas phase vibrational spectra for n=28 (A) and for n=53 (D) 
to known IR absorption spectra in several different bulk aluminum-oxide lattices (B = 
Y-Al2Oa ; C =  a-A l2Oa ; E =  amorphous Al2Oa).
backing pressure of the Jordan valve, and timing can delay or accelerate this phenomenon 
in terms of cluster size. More details and other aspects such as the astrophysical relevance 
will be discussed in a manuscript in preparation[35].
Unfortunately, no other gas phase spectroscopic measurements have been carried out in 
this wavelength region for any of these aluminum-oxide clusters nor do theoretical calcula­
tions, which could provide insight into the nature of the vibrational modes observed, exist. 
It has been shown before that vibrations of gas phase clusters can match those of solid 
state samples very well[9]. However, as mentioned in the introduction, IR studies have 
been carried out for the single Al2Oa molecule[22 , 25] as well as on ultrathin solid state 
samples[20, 21] to which the data obtained here can be compared. In addition, one can de­
rive the infrared response of small Al2Oa particles based on the known optical constants[34].
Fig. 9.4 shows five traces, of which trace A and D are the IR-REMPI spectra for the 
n=28 and the n=53 cluster, respectively, copied from Fig. 9.3. Trace C and E are spectra 
derived from the optical constants of bulk aluminum-oxide for spherical particles in the 
Rayleigh limit (i.e. small compared to the wavelength), via a method as described by 
Bohren and Huffman[34]. Trace C represents the spectrum of solid crystalline a -A l2Oa, 
whereas trace E describes the IR properties of amorphous aluminum-oxide. Trace B is 
taken from an ultrathin (roughly 2 Al-O layers) solid state Y-Al2Oa film grown on a NiAl 
(110) surface, as reported by Freund and co-workers[20]. The optical constants of bulk
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Y-Al2Oa are yet to be determined.
The molecular vibration of Al2Oa observed at 11.8 micron[22] is more or less reflected 
in all of the observed spectra. When comparing the IR-REMPI spectrum of small (around 
n=15) AlO-(Al2Oa)n clusters (trace A) to IR spectra based on bulk optical constants (trace 
C and E) or ultrathin material (y-A12O3 , trace B), it is clear that the best match is with 
that of y-A12O3 . Although the IR-REMPI spectrum is a low-resolution spectrum and 
cannot resolve the two modes around 16 micron, the overall agreement between the two 
spectra is quite remarkable. The gas phase spectrum in trace A is clearly different from 
that of crystalline a-A l2Oa (trace C). The number of modes agrees, however there is a 
considerable shift in position.
The larger AlO-(Al2Oa)n clusters (n > 34) exhibit different spectra than the smaller 
ones. Their spectra (trace D) are more similar to spectra of amorphous Al2Oa. This is 
supported by the observation of a spectrum similar to trace D and E in alumina coated 
boron nitride particles[36], where TEM images revealed the amorphous structure of the 
alumina.
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9.3 C onclusion
Gas phase aluminum-oxide clusters are produced and analyzed in a molecular beam spec­
trometer. Mass spectra of ions created by the cluster source, UV ionized neutral clusters, 
or IR ionized neutral clusters all show that they grow by the addition of Al2O3 units. In 
addition to ionization, UV irradiation causes significant fragmentation. Only selected clus­
ters with relatively high fragmentation thresholds are able to sustain the absorbed energy. 
Worth mentioning in this respect is the large abundance of the AlO-(Al2O3)15 cluster ion in 
the mass spectra, suggesting a stable structure with a geometric or electronic closed-shell 
configuration for this species.
Making use of the infrared laser facility “FELIX”, infrared spectra are obtained for a 
whole series of AlO-(Al2O3)n clusters with n ranging from 11 to 71. All of these spectra 
have similar features that gradually change in going to larger clusters. For clusters up to 
n=34 two peaks are observed at 11.0 and 16.0 ^m. Comparing these to known IR features 
of different solid state aluminum-oxide lattices clearly identifies these gas phase clusters to 
have a structure similar to y-A 12O3 instead of a-A l2O3, which is the thermodynamically 
stable form of the bulk at normal pressures and temperatures. Since these two polymorphs 
belong to different arrangements of the oxygen anions in the lattice (y-A 12O3 is fcc while 
a -A l2O3 is hcp), chemical and physical properties such as the vibrational spectrum are 
rather different, allowing us to distinguish between these. However, transition aluminas 
in the same fcc or hcp category are much more difficult to distinguish. 6uA12O3 , for in­
stance, is structurally very close to y~A12O3 . They are both monoclinic crystals, and have 
virtually the same bond angles and bond lengths[19]. The only difference is the statistical 
occupation of the octahedral and tetrahedral vacancies in the lattice. Therefore, the ex­
perimental data presented here cannot discriminate between these different polymorphs in 
the same category.
Aluminum-oxide clusters larger than n=34 exhibit one broad band between 11 and 
17 micron. Among other possibilities this could be caused by the build-up of amorphous 
aluminum-oxide clusters, which is supported by the resemblance of the spectra for these 
clusters to the IR response of bulk amorphous Al2O3 .
114
B i b l i o g r a p h y
[1] M. Seidl, K.H. Meiwes-Broer, and M. Brack, J. Chem. Phys. 95, 1295 (1991).
[2] H. Wu, S.R. Desai, and L.-S. Wang, Phys. Rev. Lett. 77, 2436 (1996).
[3] W.A. de Heer, K. Selby, V. Kresin, J. Masui, M. Vollmer, A. Chatelain, and W.D. 
Knight, Phys. Rev. Lett. 59, 1805 (1987).
[4] D. van Heijnsbergen, G. von Helden, M.A. Duncan, A.J.A van Roij, and G. Meijer, 
Phys. Rev. Lett. 83, 4983 (1999).
[5] G. von Helden, I. Holleman, G.M.H. Knippels, A.F.G. van der Meer, and G. Meijer, 
Phys. Rev. Lett. 79, 5234 (1997).
[6] D. Oepts, A.F.G. van der Meer, and P.W. van Amersfoort, Infrared Phys. Technol. 
36, 297 (1995).
[7] G. von Helden, A. Kirilyuk, D. van Heijnsbergen, B. Sartakov, M.A. Duncan, and G. 
Meijer, Chem. Phys. 262, 31 (2000).
[8] D. van Heijnsbergen, G. von Helden, G. Meijer, and M.A. Duncan, J. Chem. Phys. 
116, 2400 (2002).
[9] D. van Heijnsbergen, A. Fielicke, G. Meijer, and G. von Helden, Phys. Rev. Lett. 89, 
013401 (2002).
[10] M. Gautier, G. Renaud, L.P. Van, B. Villette, M. Pollak, N. Thromat, F. Jollet, and 
J.P. Duraud, J. Am. Ceram. Soc. 77, 323 (1994).
[11] I. Levin and D. Brandon, J. Am. Ceram. Soc. 81, 1995 (1998).
[12] J.B. Bilde-Sorensen, B.F. Lawlor, T. Geipel, P. Pirouz, A.H. Heuer, and K.P.D. 
Lagerlof, Acta Mater. 44, 2145 (1996).
[13] B. Ealet, M.H. Elyakhloufi, E. Gillet, and M. Ricci, Thin Solid Films 250, 92 (1994).
[14] S-D Mo, Y-N Xu, and W-Y Ching, J. Am. Ceram. Soc. 80, 1193 (1997).
[15] G. Gutierrez, A. Taga, and B. Johansson, Phys. Rev. B  65, 012101 (2002).
115
BIBLIOGRAPHY
16
17
18
19
20 
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
J.M. McHale, A. Auroux, A.J. Perrotta, and A. Navrotsky, Science 277, 788 (1997). 
T.C. Chou and T.G. Nieh, J. Am. Ceram. Soc. 74, 2270 (1991).
S. Kachi, K. Momiyama, and S. Shimuzu, J. Phys. Soc. Jpn. 18, 106 (1963).
R. Franchy, Surface Science Reports 38, 195 (2000).
M. Frank et al., Surface Science 492, 270 (2001).
M.B. Lee, J.H. Lee, B.G. Frederick, and N.V. Richardson, Surface Science 448, L207
(2000).
S.R. Desai, H. Wu, C.M. Rohlfing, and L-S Wang, J. Chem. Phys. 106, 1309 (1997).
A. Martinez, F.J. Tenorio, and J.V. Ortiz, J. Phys. Chem. A  105, 11291 (2001).
J.R. Scott, G.S. Groenewold, A.K. Gianotto, M.T. Benson and J.B. Wright, J. Phys. 
Chem. A  104, 7079 (2000).
L. Andrews, T.R. Burkholder and J.T. Yustein, J. Phys. Chem. 96, 10182 (1992). 
S.B.H. Bach and S.W. McElvany, J. Phys. Chem. 95, 9091 (1991).
G. von Helden, I. Holleman, G. Meijer, and B. Sartakov, Opt. Express 4, 46 (1999). 
A. Amrein, R. Simpson, and P. Hackett, J. Chem. Phys. 95, 1781 (1991).
P. Wurz and K.R. Lykke, J. Chem. Phys. 95, 7008 (1991).
S.F. Cartier, B.D. May, and A.W. Castleman Jr., J. Chem. Phys. 104, 3423 (1995).
P.B. Armentrout, L.F. Halle, and J.L. Beauchamp, J. Chem. Phys. 76, 2449 (1982).
S. Andersson, P.A. Bruhwiler, A. Sandell, M. Frank, J. Libuda, A. Giertz, B. Brena,
A.J. Maxwell, M. Baumer, H.J. Freund, and N. Martensson, Surface Science 442, 
L964 (1999).
G. von Helden, A.G.G.M. Tielens, D. van Heijnsbergen, M.A. Duncan, S. Hony, 
L.B.F.M. Waters, and G. Meijer, Science 288, 313 (2000).
C.F. Bohren and D.R. Huffman in Absorption and Scattering o f Light by Small Par­
ticles, Wiley-Interscience, New York, paperback series published 1998.
K. Demyk, D. van Heijnsbergen, G. von Helden, and G. Meijer, to be published.
J.D. Ferguson, A.W. Weimer, and S.M. George, Thin Solid Films 371, 95 (2000).
116
S a m e n v a t t i n g
Sinds mensenheugenis heeft de mens geprobeerd om de materialen in zijn omgeving te leren 
kennen en te manipuleren voor eigen gebruik. Kennis van eigenschappen van een mate­
riaal zoals hardheid, breekbaarheid, elasticiteit, oplosbaarheid en ontvlambaarheid helpen 
de mens bij het zo passend mogelijk vervaardigen van gebruiksvoorwerpen. Om deze eigen­
schappen te toetsen of om nieuwe eigenschappen te ontdekken gebruikt men experimenten 
waarbij het materiaal in allerlei meer of minder extreme omstandigheden wordt gebracht 
waarna het vertoonde gedrag van het materiaal wordt geanalyseerd.
Door de toenemende technologische ontwikkeling enerzijds en het continu verbeterde 
begrip van veel materialen anderzijds heeft men de compositie en de opbouw van een ma­
teriaal steeds beter weten vast te leggen. Zo heeft men na eeuwen onderzoek een heel 
periodiek systeem aan chemische elementen leren kennen waarvan essentiele eigenschap­
pen zoals massa, electronen- en kernstructuur bekend zijn. Deze elementen bouwen onze 
bestaanswereld op, en veel physische en chemische eigenschappen van materialen hebben 
hun oorsprong in de wijze waarop verschillende elementen die een bepaald materiaal op­
bouwen met elkaar een electronische verbinding aangaan.
Doel van mijn promotie was dan ook in 1998 om van een bepaalde set relatief onbek­
ende materialen deze verbindingen of vibraties te onderzoeken om daarmee hun gedrag en 
hun opbouw bloot te leggen en te verklaren. Groot nadeel hierbij was dat van deze groep 
materialen, de clusters, er in de gas fase nog maar weinig van bekend was. Een groot 
voordeel was dat ik gebruik kon maken van een uniek instrument, die mij uitzonderlijke 
mogelijkheden bood om rechtstreeks naar deze vibraties te kijken.
Het gebruik van lasers voor het onderzoeken van de eigenschappen van gas fase deelt­
jes is inmiddels een bekende en veelgebruikte techniek die onderzoekers in staat stelt om 
nauwkeurig informatie te ontrafelen over deze systemen. De energie die een laser daarbij 
genereert wordt gebruikt om bepaalde processen in gang te zetten waarop een reactie volgt 
die vervolgens geanalyseerd wordt. Een sleutelrol wordt hierbij gespeeld door de kleur (= 
golflengte) van de laser die een bepalende factor speelt bij het al dan niet gevoelig zijn van 
het gas fase deeltje voor de laser. Ondanks voortdurende technologische vooruitgangen is 
het bereik van de golflengte van de laser nog steeds ontoereikend om alle essentiele eigen­
schappen van de vibraties van clusters te kunnen analyseren.
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De vrije-electronen-laser FELIX (“Free Electron Laser for Infrared eXperiments”) is het 
eerdergenoemde unieke instrument die toegang geeft tot een nieuw kleurenbereik waardoor 
verbindingen zoals die in clusters voor het eerst direkt in een spectrum getoetst en bloot­
gelegd kunnen worden. De technieken die hiervoor ontwikkeld zijn en het gebruik en de 
karakteristieken van FELIX worden besproken in hoofdstuk 1. Naast het behandelen van 
de experimentele opstelling en de theoretische onderbouwing van het experiment worden 
ook de resultaten van de eerste reeks experimenten die als doel hadden het onderzoeken van 
de vibraties van fullerenen gepresenteerd. Het bijkomende (niet te verwaarlozen) voordeel 
hier is dat er een goed referentiepunt is, omdat fullerenen al op hun vibraties getoetst zijn 
in de vaste stof. Bij veel van de andere in dit proefschrift besproken clusters is dit niet het 
geval, omdat zij enkel in de gas fase geproduceerd kunnen worden.
In hoofdstuk 2 wordt dieper ingegaan op het gedrag van de vibraties van C60 als functie 
van de interne temperatuur van dit cluster. Een tweede laser wordt gebruikt om de tem­
peratuur van C60 moleculen te verhogen alvorens FELIX wordt toegepast om de vibraties 
te onderzoeken. De verschuiving en verbreding van de vibraties in het spectrum worden 
vervolgens onderbouwd en verklaard met een theoretische model.
Gas fase clusters bestaande uit een combinatie van titanium en koolstof atomen worden 
op hun vibraties onderzocht in hoofdstuk 3. Deze clusters dienden als een teststudie voor 
het kunnen gebruiken van de ontwikkelde techniek nu in het geval van metaalhoudende 
clusters. Dit alles-of-niets experiment staat centraal in dit proefschrift en het geboekte 
succes vormde de basis voor alle andere experimenten die vervolgens in dit proefschrift 
vermeld staan. De vibraties van prominente titanium-carbide clusters worden geanaly­
seerd en vergeleken met vibraties van vaste stof titanium-carbide, waarvan de structuur 
bekend is (fcc). De overtuigende overeenkomsten van de spectra van gas fase clusters en 
vaste stof TiC wijzen duidelijk naar eenzelfde fcc structuur voor de gas fase deeltjes.
In hoofdstuk 4 komt de charme van communicatie tussen verschillende disciplines naar 
boven. Tijdens een bezoek van collega’s uit de astrofysica en het overleggen van elkaars 
resultaten komt het een en ander boven wat uiteindelijk leidt tot een identificatie van 
titanium-carbide deeltjes in de omgeving van oude stervende koolstofrijke sterren. Dit aan 
de hand van het vergelijken van de vibraties in spectra afkomstig uit het laboratoriumex­
periment (zie ook hoofdstuk 3) met die geobserveerd in de ruimte. Het leidde een periode 
in van opgewonden gesprekken, het jezelf verdiepen in een totaal ander vakgebied en de 
daarbij behorende misverstanden tussen wetenschappers. Uiteindelijk is de gehele samen­
werking naast een heel vruchtbare vooral ook een van de meest leerzame geweest.
De hoofdstukken 5 en 6 presenteren de resultaten van andere carbide clusters, te weten 
vanadium-carbide, niobium-carbide en tantalum-carbide. Voor al deze materialen worden 
(voor verschillende groottes van de clusters) vibratiespectra gemeten. Hoofdstuk 5 behan­
delt de relatieve stabiliteit van de clusters in het groeiproces terwijl in hoofdstuk 6 de 
vergelijking met de vaste stof centraal staat. Een opsteker bij dit laatste experiment is dat
118
Samenvatting
men voor het eerst de overgang kan waarnemen van een moleculaire structuur naar eentje 
die dicht bij die van de vaste stof gaat komen.
In hoofdstuk 7, 8 en 9 wordt wederom dezelfde techniek toegepast, maar nu voor 
metaal-oxide clusters. Deze geheel andere klasse van clusters brengt ook geheel andere 
interpretaties en theorieen met zich mee, die als eerste naar voren komen in het geval van 
zirconium-oxide (hoofdstuk 7) clusters. De theoretische berekeningen spelen hier een belan­
grijke rol in de identificatie van (deel-)structuren van de gas fase deeltjes. Magnesium-oxide 
clusters zijn de enige met een 1:1 verhouding en een duidelijke vergelijking met spectra van 
vibraties genomen van vaste stof magnesium-oxide. Alhoewel hier de vergelijking minder 
overtuigend is, lijken ook hier de beginselen van een vaste stof zichtbaar te worden in gas 
fase deeltjes. Hoofdstuk 9 tenslotte treedt de fascinerende wereld van aluminium-oxide 
binnen, waarbij een uitgebreid verslag gedaan wordt van de complexiteit van aluminium­
oxide vaste stof en nanometerschaal deeltjes. Door vergelijkingen te trekken van de hier 
gepresenteerde spectra met die van berekende spectra wordt een eerste stap gezet in de 
richting van een identificatie, alhoewel toekomstige experimenten hier nog uitsluitsel over 
dienen te geven.
Al deze experimenten staan in het teken van het ontsluieren van de vibraties van gas fase 
nano-deeltjes om daarmee de structuur van zo’n deeltje te kunnen bepalen. Eenmaal deze 
kennis machtig kan men beginnen aan allerlei toepassingen van nano-deeltjes, varierend van 
katalysator in een chemisch proces tot en met het coaten van een spiegel voor een hogere 
reflectie. Het onderzoek richt zich op fundamentele informatie voor materialen waar men 
in de toekomst wat aan kan hebben en op die manier wellicht de mens weer van nut kan zijn.
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